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EXECUTIVE 

This report provides recommendations and back- 
ground for a passive microwave remote sensing 
system of the future designed to meet the observa- 
tional needs of Earth scientists in the next decade. 
This system, called the High-Resolution Multifre- 
quency Microwave Radiometer (HMMR), is to be 
part of a complement of instruments in polar orbit. 
Working together, these instruments will form an 
Earth Observing System (Eos) to  provide the infor- 
mation needed to  better understand the fundamental, 
global-scale processes which govern the Earth’s en- 
vironment. The outline of this Earth Observing Sys- 
tem is set forth in the report of the Science and Mis- 
sion Requirements Working Group (Butler et al., 
1984), which identified the role of passive microwave 
observations in the Earth Observing System and gave 
the label, HMMR, to an otherwise unspecified in- 
strument which would provide these measurements. 
Subsequently, the HMMR Panel was established 
under the purview of a follow-on committee, the Eos 
Science Steering Committee, to define this instru- 
ment. 

The HMMR Panel was given three major goals. 
These 

1. 

2 .  

3. 

were: 
To identify in further detail those measure- 
ments which passive observations in the micro- 
wave portion of the spectrum could contribute 
to an Earth Observing System in polar orbit. 
To establish requirements (e.g., spatial and 
temporal resolution) for these measurements 
so that, when combined with the other instru- 
ments in the Earth Observing System, they 
would yield a data set suitable for understand- 
ing the fundamental processes governing the 
Earth’s environment. 
To assess existing and/or planned sensor 
systems in the light of these requirements, and 
define any additional sensor hardware needed 
to meet these observational requirements. 

The HMMR Panel approached these objectives 
in three stages. The first required identifying and 
prioritizing the information which passive microwave 
remote sensors could provide from low Earth orbit, 
and which would promote understanding of the fun- 
damental geophysical processes controlling the envi- 
ronment. The Panel relied heavily on its own exper- 
tise and the recommendations of the Science and 
Mission Requirements Working Group (Butler et af., 
1984) in this effort. The hydrologic cycle emerged 
from this exercise with a high priority as an area 
where microwave remote sensors would make essen- 
tial contributions. Among the important observations 
that passive microwave sensors can contribute to  a 
data set for studying the hydrologic cycle are: 

Soil moisture 

SUMMARY 

Precipitation 
Snow (coverage/moisture equivalent) 
Atmospheric water vapor 
Evaporation (oceans) 
Evapotranspiration (land) 

The last two quantities are derived quantities in- 
ferred from direct observations of other variables, 
and require input from passive microwave, infrared, 
and other observational tools. Passive measurements 
in the microwave portion of the spectrum can also 
provide observational data essential for understand- 
ing geophysical processes of the oceans and air-sea 
interaction. The particular parameters directly ob- 
servable with a passive microwave instrument are: 

Sea surface temperature 
Sea ice (concentration and properties) 
Surface wind speed 

Finally, passive microwave measurements are an 
important all-weather complement to  infrared sound- 
ings of the atmosphere and can provide: 

Temperature profiles 
Water vapor profiles 
Total liquid water content 

The second step of the Panel’s work was to  es- 
tablish requirements for the measurement of these 
parameters such that the measurements would yield 
data suitable for understanding the fundamental pro- 
cesses governing the Earth’s environment. The re- 
quirements call for an imager making measurements 
at seven frequencies (1.4, 6, 10, 18, 21, 37, and 90 
GHz) in the microwave portion of the spectrum, plus 
multifrequency measurements in the oxygen reso- 
nance band (50 to  60 GHz) and at  the water reso- 
nance line (183 GHz) for making atmospheric tem- 
perature and water vapor profiles. Spatial resolution 
on the order of 10 km or less is desirable with radio- 
metric accuracy of about 1.5 K adequate in most 
cases. In most cases a revisit time of 2 days is ade- 
quate. The exception is atmospheric sounding where 
more frequent coverage is needed. 

The final step in the Panel’s work was to define 
a combination of existing and required hardware to  
meet these requirements. In this exercise, the Panel 
relied on a review of past and planned sensor systems 
and on its own understanding of what could realis- 
tically be implemented in space in the next decade. 
A concept consisting of three separate instruments 
emerged from the considerations of the Panel. The 
three instruments are: the AMSU (Advanced Micro- 
wave Sounding Unit) presently under development 
for the National Oceanic and Atmospheric Admin- 
istration (NOAA), and two new instruments, the 



AMSR (Advanced Mechanically Scanned Radiome- 
ter), and the ESTAR (Electronically Scanned 
Thinned Array Radiometer). 

The AMSU (Advanced Microwave Sounding 
Unit)-There are two components of the AMSU in- 
strument (AMSU-A and AMSU-B) which together 
will provide atmospheric soundings of temperature 
and water vapor. The AMSU-A will obtain tempera- 
ture soundings using 12 channels in the oxygen reso- 
nance band (50 to 60 GHz), and ancillary channels 
at 24, 31, and 89 GHz. The AMSU-B will profile 
water vapor using five channels, one at 89 GHz, one 
at 157 GHz, and three on the water vapor resonance 
line at 183 GHz. Spatial resolution is on the order 
of 50 km for AMSU-A and 15 km for AMSU-B. The 
Panel concurred that these instruments represent the 
state of the art in microwave sounding of the atmo- 
sphere, and that they will provide soundings suffi- 
cient to  meet the goals of Eos. 

The AMSR (Advanced Mechanically Scanned 
Radiometer)-The AMSR is a six-frequency, coni- 
cally-scanned microwave imager. It should include 
channels at approximately 6 ,  10, 18, 21, 37, and 90 
GHz, each with dual (linear) polarization. Measure- 
ments at various combinations of these frequencies 
and polarization permit data to be obtained on the 
amount of snow cover over land; the age and areal 
extent of sea ice; the intensity of precipitation over 
oceans and land; and the amount of water in the at- 
mosphere (cloud water and total water vapor). In ad- 
dition, it is possible at the lower frequencies to  obtain 
useful information on sea surface temperature and 
wind speed at the ocean surface. In order to progress 
to  the next generation of understanding of these 
phenomena and of the role they play in determining 
the Earth's environment, a significant improvement 
in spatial resolution is required. To obtain this resolu- 
tion, the AMSR will consist of a 4 x 7 meter dish 
which is rotated to scan the antenna beam at a con- 
stant 50" incidence angle. The scan will provide 
almost an order of magnitude improvement in spatial 
resolution over existing or planned instruments. The 
Panel strongly endorsed the Eos science requirements 
for this higher spatial resolution. The Panel also en- 
dorsed the engineering studies, such as were per- 
formed as part of the planning for the Naval Ocean 
Sensing System (NOSS) satellite that show that de- 
ployment of a large rotating dish of this size is feasi- 
ble and could be done in the Eos time frame. 

The ESTAR (Electronically Scanned Thinned Ar- 
ray Radiometer)-The ESTAR is a 1.4 GHz imaging 

radiometer designed specifically to obtain global 
maps of surface soil moisture, an important input 
to the hydrologic cycle. Measuring soil moisture from 
space presents a special challenge because measure- 
ments at the low frequency end of the microwave 
spectrum are needed to  reduce the effects of vegeta- 
tion cover and to  increase the depth of penetration 
into the soil. To  obtain the desired spatial resolution 
(on the order of 10 km) at this end of the spectrum 
requires an instrument with very large antennas, even 
in low Earth orbit (LEO). The Panel strongly en- 
dorsed Eos requirements for 10 km resolution with 
a 1- to  3-day revisit time, and sought techniques for 
obtaining this resolution from space. The ESTAR is 
a hybrid real aperture and synthetic aperture sensor, 
which employs an array of long stick antennas to 
achieve real aperture resolution in the along-track 
dimension, and uses signal processing to  achieve 
resolution, synthetically, in the crosstrack dimension. 
Signal processing permits the array to  be thinned 
significantly, resulting in a substantial reduction in 
the antenna volume needed in space. The Panel con- 
sidered several alternative approaches and recom- 
mended achieving the required resolution by means 
of antenna aperture synthesis. The ESTAR represents 
the most novel technology proposed for the HMMR 
instrument package. However, it is a relatively low- 
risk innovation, since similar techniques have been 
used on the ground with impressive success in radio 
astronomy. Furthermore, the concept used for 
ESTAR can be applied at other frequencies; conse- 
quently, the development of ESTAR could represent 
a technological breakthrough in spacecraft antenna 
design leading to practical implementation of large 
microwave antenna apertures in space for other ap- 
plications in the future. 

The Panel strongly recommends development of 
the High-Resolution Multifrequency Microwave 
Radiometer (HMMR). The HMMR will provide data 
which, in conjunction with the other instruments in 
the Earth Observing System, will significantly ad- 
vance our understanding of the fundamental geo- 
physical processes governing the Earth's environ- 
ment. Microwave sensors in the past have demon- 
strated the capability of such instrumentation to pro- 
vide measurements of soil moisture, precipitation, 
water vapor, sea surface temperature and sea ice, as 
well as other parameters important for understanding 
the hydrologic cycle and oceanographic and atmo- 
spheric dynamics. The HMMR represents the next 
logical step in the evolution of microwave instrumen- 
tation. It represents a major step forward in spatial 
resolution, with spatial resolution approaching the 
scale size of the fundamental geophysical processes 
driving the Earth's environment. 
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I. INTRODUCTION 

MICROWAVE REMOTE SENSING 

As generally used in reference to remote sensing 
from space, the microwave portion of the spectrum 
extends from frequencies near one gigahertz to fre- 
quencies of a few hundred gigahertz. In wavelengths 
this is approximately from 30 centimeters to 0.1 cen- 
timeters. This region is bounded at the low end by 
the UHF band, where noise in the form of television 
broadcasting and other man-made sources make 
remote sensing difficult, and at the high end by fre- 
quencies (generally referred to as far infrared or sub- 
millimeter) at which alternative techniques for detec- 
tion become practical. 

The technology for passive monitoring of radia- 
tion in the microwave portion of the spectrum was 
pioneered in radio astronomy (Ulaby, 1976) and 
many of the detectors currently used for remote sens- 
ing were developed for radio astronomy (e.g., the 
Dicke radiometer). However, remote sensing of the 
Earth in the microwave portion of the spectrum is 
a relatively new application fostered by increased 
concern for the environment and awareness of the 
Earth as a geophysical system, by the advent of the 
satellite which made possible the monitoring of 
geophysical processes on a global scale, and also 
because microwave radiation can penetrate clouds to 
provide the potential for all-weather remote sensing. 

The all-weather potential of microwave remote 
sensing is illustrated in Figure 1, which shows the 
transmission characteristics of the atmosphere in the 
microwave portion of the spectrum. Three curves are 
shown in Figure 1: (1) the total zenith opacity for a 
dry standard atmosphere; (2) zenith opacity for the 
same atmosphere with 2 g/cm2 water vapor added 
to the atmospheric column; and (3) the same column 
with an additional 20 mg/cm2 of liquid water added 
to represent a typical stratus cloud. The dominant 
features on the Figure are resonant lines of oxygen 
between 50 to 70 GHz (which merge into a band at 
sea level pressures) and at 119 GHz (isolated line) and 
resonant lines of water vapor at 22 GHz and (a very 
strong line) at 183 GHz. However, except at the reso- 
nant lines the atmosphere is relatively transparent in 
this portion of the spectrum, and as the Figure il- 
lustrates, the presence of a non-raining cloud is only 
a small effect. 

Remote sensing in the microwave portion of the 
spectrum is traditionally done at frequencies near 1.4, 
6, 10, 18,21, 37, 5 5 ,  and 90 GHz, and sensors using 
157 and 183 GHz are planned. These frequencies 
have been indicated for reference at the top of Figure 
1. They are intentionally chosen among the peaks and 
valleys of the atmospheric attenuation curve. Mea- 
surements near the resonant peaks are used primarily 
for monitoring atmospheric temperature or water 

vapor. For example, measurements using a single fre- 
quency near the 22 GHz resonance of the water 
molecule have been used successfully to estimate the 
total water in a column of the atmosphere (Grody, 
1976; Staelin, 1981) and are made as part of remote 
sensing of other parameters from space to help cor- 
rect for the effects of atmospheric attenuation. The 
oxygen resonance lines between 50 to 70 GHz are 
used to obtain profiles of the temperature of the at- 
mosphere (Staelin, 1981, 1977; Njoku, 1982), and the 
water resonance at 183 GHz is suited for obtaining 
profiles of atmospheric water vapor (Njoku, 1982) 
and sounders to do so are being developed. 

Frequencies in the valleys of the attenuation curve 
are least affected by the atmosphere and are ideally 
suited for monitoring of the Earth’s surface even in 
the presence of clouds. Measurements have been 
made of parameters such as sea surface temperature, 
snow cover, concentration of sea ice, and soil mois- 
ture. For example, Figure 2 shows the total concen- 
tration of sea ice (top panel) and the concentration 
of multiyear ice (bottom panel) in the north polar 
area as obtained from space using microwave mea- 
surements at 18 and 37 GHz (Gloersen and Cavalieri, 
1986; Cavalieri et a/ . ,  1984). Figure 3 is an example 
which shows the snow covered area of the northern 
hemisphere as obtained from microwave radiance 
monitored in space at 37 GHz. Furthermore, this 
figure has been color coded to  show the depth of the 
snow, a parameter also determined from the 
microwave data (Chang et a/ . ,  1986). 

At the long-wavelength end of the microwave 
spectrum, the radiation emitted or reflected from 
matter is generally determined by the bulk dielectric 

18 37 FREQUENCY 
1 4  21 50-60 90 160 183 IOHZI 

FREQUENCY IGHz) 

Figure 1. Microwave absorption in the atmosphere. Lower 
curve - atmospheric opacity due to oxygen. Middle curve 
- opacity with 20 kg m-*  water vapor added to the oxy- 
gen. Upper curve - opacity with 0.2 kg m-’ stratus cloud 
added to the oxygen and water vapor. 
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Figure 2. Top: Total sea ice concentration in the north polar area for the period February 
3-7,1979, as calculated from microwave data acquired with the Nimbus-7 SMMR. Bottom: 
Multiyear sea ice concentration in the same north polar area for the period February 3-7, 
1979, as calculated from microwave data acquired with the Nimbus-7 SMMR (from 
Gloersen and Cavalieri, 1986). 
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Figure 3. Snow covered area of the northern hemisphere for February, 1983. These data were obtained from the 

Nimbus-7 SMMR using data at 37 GHz and are color coded to show snow depth (Chang et. al., 1986). 

properties of matter and by such properties as the 
grain size in snow, the size of inclusions in ice, and 
the shape and size of leaves on trees and other vegeta- 
tion. Furthermore, microwave radiation at this end 
of the spectrum penetrates materials such as snow, 
ice, soil, and vegetation. Consequently, it can be used 
to  monitor average bulk properties of such material 
and is not limited to surface features or absorption 
and emission at molecular resonances. Consequently, 

at this end of the spectrum microwave radiation 
responds differently to the physical properties of mat- 
ter than infrared or optical radiation and offers ad- 
ditional information to complement sensing at these 
very short wavelengths. 

Finally, at frequencies in the 10 to 50 GHz range, 
radiation in the microwave portion of the spectrum 
penetrates clouds, but is strongly absorbed by rain. 
This provides the potential for measuring rain from 
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space (Atlas and Thiele, 1981; Atlas et al., 1984; 
Wilheit et ai., 1977). Frequencies near 18 GHz have 
shown promise for measuring a wide range of rain 
rates (Atlas, et al., 1984); however, by combining this 
observation with measurements at a more attenuating 
frequency (one near 37 GHz is generally used), one 
can improve the dynamic range of the measurement 
by increasing the detectability of the lower rain rates. 

Some of the more important parameters which 
can be measured in the microwave portion of the 
spectrum together with the frequencies at which these 
measurements are made are listed in Table 1. The fre- 
quencies shown are “generic” in the sense that, ex- 
cept for temperature and pressure soundings where 
the frequencies are determined by specific molecular 
resonances, the measurements can generally be made 
over a broad range of frequencies and engineering 
considerations will likely determine the specific 
choice. For example, the emissivity of soil is changed 
by the presence of water in the soil, making it possible 
to measure the moisture content of the soil from the 
emitted thermal radiation (Schmugge, 1978; Cihlar 
and Ulaby, 1974). By using long wavelength radia- 
tion one can mitigate against the competing effects 
of vegetation cover and surface roughness. Further- 
more, long wavelengths penetrate into the soil per- 
mitting measurement of the moisture in the upper 
layer of soil rather than just moisture at the surface. 
The exact frequency is not particularly important in 
this application and will be determined by considera- 
tions other than soil physics, such as the presence of 
interference from other radio sources (RFI) and re- 
quirements of antenna size (for a given spatial resolu- 
tion the antenna size increases linearly as frequency 
decreases). The frequency of 1.4 GHz has received 
the most attention for measuring soil moisture 
because it is long enough (21 cm wavelength) to 
penetrate many crops and into bare soil, and because 
it corresponds to  a quiet band in the spectrum set 
aside for passive measurements in radio astronomy. 
A similar situation exists in the case of measurements 
of sea surface temperature (SST). This is illustrated 
in Figure 4, which shows the change in brightness 
temperature of the ocean as a function of changes 
in temperature, salinity, and surface roughness. The 
brightness temperature is most sensitive to changes 
in temperature and least sensitive to competing fac- 
tors at frequencies near 5 GHz, but higher frequen- 
cies could also be suitable especially if the wind speed 
is known. The precise choice of frequency to  be used 
in a particular sensor system is likely to be determined 
by other considerations such as the availability of 
antennas and quiet bands in the spectrum. An instru- 
ment currently under development by the Depart- 
ment of Defense (DoD) to monitor sea surface tem- 
perature (the Low Frequency Microwave Radiome- 
ter, LFMR) will probably operate at 6 and 10 GHz. 

Notice in Table 1 the large number of parameters 
requiring measurement at multiple frequencies. It has 

SALINITY WIND SPEED 

CLOUDS 
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II ’\FREQUENCY GHz 

1 \ 
Figure 4. The change in brightness temperature of the ocean 
as a function of salinity, wind speed, and surface tempera- 
ture. The relative attenuation due to water vapor and liquid 
water in clouds is also shown. 

become increasingly clear that by choosing measure- 
ments at several well-spaced frequencies, many of the 
competing geophysical phenomena which normally 
contribute to the radiance can be identified. An ex- 
ample is the measurement of sea ice. Ice has a much 
different dielectric constant (emissivity) than water 
and, therefore, can be readily distinguished (Gloersen 
et al., 1974; ZwaIly et al., 1983). Because of this, the 
areal extent of ice can be distinguished at any of a 
wide range of frequencies, microwave as well as in- 
frared. On the other hand, microwave radiation 
penetrates ice and scatters from inclusions such as 
pockets of brine or inhomogeneities. These change 
with the age of the ice and affect its emissivity. By 
comparing emissivity at several frequencies (e.g. 18 
GHz and 37 GHz) one can distinguish first-year ice 
from multiyear ice and in some circumstances dis- 
tinguish other properties of the ice (Svendsen et ai., 
1983; Cavalieri et al., 1984; Swift et al., 1985). With 
data from measurements near 90 GHz, it may also 
be possible to identify the presence of snow cover on 
the ice. Another application where measurements at 
multiple frequencies is important is in the retrieval 
of sea surface temperature (Hollinger and Lo, 1984; 
Bernstein, 1982). The emissivity of the sea surface 
is low (on the order of 0.5) and the accuracy de- 
manded for a successful retrieval is stringent (about 
1 K).  Thus, the influence of competing effects such 
as wind and waves on  the ocean surface (which 
change the surface emissivity) and the amount of 
water in the atmosphere (which modifies the radiance 
at the receiver) must be taken into account. The 
preferred set of frequencies for sea surface tempera- 
ture retrieval is 6 GHz, which provides information 
on temperature; and 10, 18, and 21 GHz, which pro- 
vide information to  correct for the interfering effects 
of surface winds and attenuation due to water in the 
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Table 1. Parameters Which are Measured with Microwave Sensors 
and the Frequencies at Which the Measurements are Made 

Physical 
Observable 

Soil moisture 

Snow 

Precipitation 
Ocean 

Land 

Sea surface 
temperature 

Sea ice 
Extent 

Type 

Wind speed 
(sea surface) 

Water vapor 
Total (over ocean) 

Profile 

Cloud water 
(over ocean) 

Temperature 
profile 

1.4 

0 

Key: 0 Necessary 0 Important 0 Helpful 

6 

0 

0 

0 

0 

10 

0 

0 

0 

0 

0 

Frequency of Observation (GHz) 

18 

0 

0 

0 

0 

0 

0 

0 

0 

atmosphere. Even measurements at 37 GHz are used, 
indirectly, to detect and eliminate cases where rain 
fills some portion of the field-of-view (FOV). 

HERITAGE OF MICROWAVE REMOTE 
SENSING FROM SPACE 

Microwave measurements have been part of the 
remote sensing program in space from its beginning. 
This is illustrated in Table 2, which gives a history 
of microwave radiometers in space. 

The instruments listed in Table 2 can be separated 
into two categories, imagers of surface features or 
sounders of atmospheric properties such as tempera- 
ture or water vapor. The Nimbus-E Microwave Spec- 
trometer (NEMS), Scanning Microwave Spectrome- 
ter (SCAMS), and Microwave Sounding Unit (MSU) 

21 

0 

0 

0 

0 

0 

0 

0 

37 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

50-60 90 

0 

0 

0 

0 

0 

0 

0 

160 

0 

183 

0 

0 

were microwave sounders designed to obtain profiles 
of atmospheric temperature, although the 22 GHz 
and 3 1 GHz channels on the NEMS and SCAMS also 
provided information on total atmospheric water 
vapor and some information on features such as rain 
and snow and ice coverage. The NEMS instrument 
made measurements with a single nadir pointing 
antenna beam at three frequencies (53.65, 54.9, and 
58.8 GHz) to  profile atmospheric temperature. The 
resolution at nadir was about 180 km. The SCAMS 
employed the same frequencies as the NEMS but dif- 
fered in that the antenna was mechanically scanned 
across track to obtain a wider swath of coverage than 
obtained with the NEMS. The resolution at nadir was 
about 145 km. The next generation of sounder, the 
MSU, which is still in use today, scans across track, 
has 110 km resolution at nadir, and uses four fre- 
quencies (50.3, 53.74, 54.96, and 57.95 GHz) in the 
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Table 2. History of Microwave Sensors in Space 

Year 

1962 
1968 
1970 
1972 

1973 

1974 
1975 

1978 

1978 

1978 

Future 

Spacecraft/ 
Instrument 

Mariner 
Cosmos 243 
Cosmos 384 
Nimbus-5 

ESMR 
NEMS 

Skylab 
S- 193 
S- 194 

Meteor 
Nimbus-6 
ESMR 
SCAMS 

DMSP 
SSM/T 

Tiros-N 
MSU 

Nimbus-7 
SMMR 

Seasat 
SMMR 

DMSP 
SSM/I 

NROSS 
LFMR 

NOAA 

SSM/T-2 

AMSU-A 
AMSU-B 

Eos 
ESTAR 
AMSR 

1.4 

X 

X 

X 

6 

X 

X 

X 

X 

*Superscript = Number of channels 
**At highest frequency 

10 

X 

X 

X 

X 

X 

X 

18 
- 
X 

X 

X 

X 

X 

X 

21 
- 

X 

X 

X 

X 

X 

X 

X 

X 

X 

37 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

50-60* 

oxygen resonance band to profile temperature. 
However, the MSU does not include the water- 
sensitive channels at 21 and 31 GHz present in its 
predecessors. The Special Sensor Microwave/ 
Temperature (SSM/T) is also a temperature profil- 
ing instrument and is designed for the Defense 
Meteorological Satellite Program (DMSP). One 
SSM/T instrument has been in orbit for about 2 years 
and as many as eight others are projected. These sen- 
sors scan across track through nadir with a resolu- 
tion at nadir of about 200 km. They use seven fre- 
quencies (50.5, 53.2, 54.35, 54.9, 58.4, 58.825, and 
59.4 GHz) in the oxygen resonance band to profile 
temperature. The additional frequencies are used to 
obtain profiles from near the surface to about 30 km, 
as compared to 20 km for the MSU and its predeces- 
sors. The remaining sounder listed in Table 2, the 
AMSU (Advanced Microwave Sounding Unit), rep- 

- 

30 
- 

X 
X 

X 
X 

X 
- 

- 

160 
- 

X 

X 

- 

Resolution 
Nadir (km)** 

1,300 
37 
13 

25 
180 

16 
115 

20 x 43 
150 

175 

110 

18 x 27 

22 x 35 

16 x 14 
50 

15 x 25 

50 
15 

10 
1.5 

Frequencies 
(GHz) 

15.8, 22.2 
3.5, 8.8 

19.35 
22, 31.4 

13.9 

22, 31 

(Data at 50 km) 

19.3, 22, 85.5 
150 

6 

24, 31 

resents a substantial advance in comparison with its 
predecessors. The AMSU, which is being designed 
to meet National Oceanographic and Atmospheric 
Administration (NOAA) operational needs, will con- 
sist of two components: the AMSU-A, which is a 
temperature sounder in the tradition of the SSM/T 
and MSU, and the AMSU-B, which will obtain 
profiles of water vapor using measurements near the 
water resonance line at 183 GHz. The AMSU differs 
from its predecessors in the increased number of fre- 
quencies (channels) used to obtain soundings (12 for 
the AMSU-A and 3 for the AMSU-B) and in resolu- 
tion. The increased number of channels will permit 
soundings from near the surface up to 40 km for the 
AMSU, compared to only 20 km for the MSU and 
its predecessors and 30 km for the SSM/T. Also, the 
antennas to be employed with the AMSU will per- 
mit spatial resolution of 50 km or better with a wide 
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swath coverage. The AMSU is being developed for 
deployment by NOAA in the late 1980s as an opera- 
tional sounder beginning with NOAA-K. A water 
vapor profiler is also being designed for the DMSP. 
This instrument, a variation on the SSM/T, will mea- 
sure radiation at the water vapor resonance line (183 
GHz) with ancillary channels at 91.5 and 150 GHz. 
Its resolution on the surface will be about 50 km. 

The other category of instruments in Table 2 are 
devices which primarily respond to and map emis- 
sion from the Earth's surface. Among the earliest of 
these is the ESMR (Electronically Scanned Micro- 
wave Radiometer). The ESMR employed an 85 x 
85 cm phased array antenna which, when pointed at 
nadir, electronically scanned across track to form im- 
ages. Two ESMRs have been flown, one aboard 
Nimbus-5 with the antenna pointed at nadir and 
operating at 19.3 GHz, and a second flown on 
Nimbus-6 which was pointed so that the antenna 
beam was incident at about 50 " from normal at the 
Earth's surface. It operated at 37 GHz. The earlier 
ESMR had a resolution at nadir of about 25 km and 
the later one of about 20 x 43 km. The ESMR data 
has been used to  study rain, sea ice, ice sheets, snow 
coverage, and land features. Two other single- 
frequency sensors were flown as part of Skylab: the 
SI93 was a 13.9 GHz radiometer which employed a 
mechanically-scanned parabolic reflector antenna, 
and the S194 was an experiment to measure soil 
moisture which employed a nadir-looking phased ar- 
ray at 1.4 GHz. The successor to single-frequency 
sensors was the SMMR (Scanning Multichannel Mi- 
crowave Radiometer) which was flown on Nimbus-7 
and Seasat. The SMMR was designed to obtain sea 
surface temperature and wind speed as well as sea 
ice characteristics, snow and ice extent, and total 
water vapor and rainfall rate over oceans. It consists 
of five frequencies, each dual polarized with an an- 
tenna system which rotates to obtain a conical scan 
at a fixed incidence angle of about 50" at the Earth. 
The SMMR is a multifrequency imaging device which 
measures at most of the frequencies which had pro- 
ven useful at the time, and has the advantage of scan- 
ning at a fixed incidence angle. The SMMR antenna 
is about 80 cm in diameter, providing resolution rang- 
ing from about 25 km (18 x 27 km) at the highest 
frequency to nearly 150 km at the lowest frequency. 
The multifrequency data from this sensor are pro- 
cessed into images with resolution of 50 km or larger. 

The Special Sensor Microwave/Imager (SSMA) 
and the LFMR are two systems being designed to 
meet the operational needs of the DoD. Together 
they cover the same frequencies as the SMMR and 
have, in addition, a channel at 85.5 GHz (on SSM/I). 
The SSM/I is similar in principle to  the SMMR: it 
is conically scanned so that its antenna forms a beam 
with an incidence angle of about 50" at the surface, 
and it measures at several frequencies (19.35,22.24, 
37.0, and 85.5 GHz) similar to those on SMMR. The 
antenna used with the SSM/I is 60 x 65 cm, which 

is slightly smaller than the SMMR antenna. The 
LFMR is designed primarily to make maps of sea sur- 
face temperature. It will operate near 6 and 10 GHz, 
and to obtain the resolution required by the DoD it 
will employ an antenna on the order of 6 meters in 
diameter. Plans for the LFMR include a large de- 
ployable mesh antenna to obtain resolutions better 
than 25 km on the surface, and absolute accuracies 
of f 1 K (Hollinger and Lo, 1984). 

Multiple-frequency microwave imaging of the 
Earth's surface has proven successful because, with 
the increased information provided by simultaneous 
measurements at different frequencies, one is able to  
detect additional phenomena and to isolate from a 
particular measurement the contribution from other 
surface parameters or intervening atmosphere. How- 
ever, one of the difficulties of doing multiple- 
frequency imaging with microwaves is obtaining ade- 
quate spatial resolution. In part, this is because large 
antennas are required at the low-frequency end of 
the microwave spectrum and because in sensors using 
a single antenna the resolution is determined by the 
channel with the lowest frequency. For example, the 
LFMR requires an antenna about 6 m in diameter 
to obtain sea surface temperatures with sufficient 
resolution (10 to 25 km) to meet operational require- 
ments set by the DoD. On the other hand, the spatial 
resolution required for a particular measurement is 
determined by the scale size of the geophysical 
phenomenon to be investigated. The requirements for 
spatial resolution range from a few kilometers for 
estimating some parameters of snow and some ap- 
plications of sea surface temperature measurements, 
to several tens of kilometers. (The requirements are 
discussed in sections of this report to follow.) These 
requirements can be very difficult to  meet in the 
microwave portion of the spectrum. In fact, one of 
the areas in which progress has not been made in the 
evolution of microwave remote sensing from space 
has been in the area of spatial resolution. The spatial 
resolution obtained with the highest frequencies on 
present-day sensors is about the same as obtained 
with the ESMR, flown in 1970. The SSM/I, even at 
its highest frequency (85.5 GHz), will have resolution 
little better than ESMR. The next important mile- 
stone to  be passed in the application of microwave 
remote sensing from space is to  obtain images with 
spatial resolutions comparable to the scale size of the 
geophysical phenomena. 

ORGANIZATION OF THE REPORT 

The objective of the HMMR Panel was to define 
instrumentation for an Earth Observing System in 
low Earth orbit which could make the microwave 
measurements necessary to advance understanding 
of the global geophysical processes governing the en- 
vironment. This required defining and assigning 
priorities to the information which passive microwave 
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remote sensing can provide from low Earth orbit and 
determining the resolution required of these measure- 
ments so that the data which are obtained will pro- 
mote understanding of the fundamental processes 
controlling the environment. The specific microwave 
measurements identified as important and the re- 
quirements for these measurements are described in 
Chapters I1 through IV of this report. 

The hydrologic cycle emerged from this exercise 
as the environmental process with the highest priori- 
ty. Microwave sensors can provide measurements of 
such elements of the hydrologic cycle as precipita- 
tion, soil moisture, snow extent, total water vapor 
in the atmosphere, and evaporation from the oceans. 
Over land, microwave sensors in conjunction with 
other sensors can also help to estimate moisture 
fluxes from the ground (evaporation and transpira- 
tion from plants). In the three sections, Chapters 11 
through IV, a brief review is given of the role 
microwave remote sensing can play in measuring 
parameters of environmental importance over land, 
the oceans, and in the atmosphere, respectively. The 
focus in these sections is on defining a set of re- 
quirements for the microwave measurements so that 
they will yield a data set to meet future scientific 
needs and permit significant advance in our under- 
standing of the environment. These requirements are 
summarized in Chapter V and from them a list of 
instrument specifications has been deduced (Tables 
14 and 15). 

In addition to defining measurement requirements 
and instrument specifications, the Panel sought to 
determine if there were practical sensor systems which 
could meet these requirements and which could 
realistically be implemented in space. In this exercise, 
the Panel relied o n  knowledge of past and planned 
sensor systems and on its own understanding of what 
could realistically be implemented in space in the next 
decade. A concept consisting of three separate in- 
struments emerged from the considerations of the 

Panel. The three instruments are the AMSU (Ad- 
vanced Microwave Sounding Unit) presently under 
development for operational atmospheric sounding 
on NOAA-K, -L, and -M, and two new instruments, 
the AMSR (Advanced Mechanically Scanned Radi- 
ometer), and the ESTAR (Electronically Scanned 
Thinned Array Radiometer). Details of these in- 
struments are provided in Chapter V. The AMSR is 
a six-frequency, conically-scanned microwave ra- 
diometer conceived to provide measurement of pa- 
rameters important to the global hydrologic cycle. 
It includes channels at approximately 6, 10, 18, 21, 
37, and 90 GHz each with dual (linear) polarization. 
The ESTAR is a 1.4 GHz radiometer conceived spe- 
cifically to  obtain global maps of soil moisture, an 
important element of the hydrologic cycle. The 
ESTAR is a hybrid real aperture and synthetic aper- 
ture sensor. It employs an array of long stick anten- 
nas to achieve real aperture resolution in the along- 
track dimension and uses signal processing to  
achieve, synthetically, resolution in the crosstrack 
dimension. The result is a substantial reduction in 
the antenna volume needed in space. 

Some of the parameters can be estimated much 
more accurately if the measurements that the High- 
Resolution Multifrequency Microwave Radiometer 
can provide are made in conjunction with other sen- 
sors. This potential synergism between the HMMR 
and other instruments planned for the Earth Observ- 
ing System is discussed in Chapter VI. Also in Chap- 
ter VI is a description of several microwave instru- 
ments which are not part of the Eos but which may 
be making measurements from space in the future. 
Reasons why these sensors were not recommended 
for the Eos are given. Finally a summary is given in 
Chapter VI of the Tropical Rain Measuring Mission 
(TRMM) project. This is presented here because of 
the central role of this type of measurement in 
developing an algorithm for measuring precipitation 
from space. 

8 



SCIENCE OBJECTIVES: LAND 

THE HYDROLOGIC CYCLE 

Water is one of the key substances in the earth- 
atmosphere system and it is fundamental to  the ex- 
istence and vitality of life on the planet. Vernadskii 
(1960) said: “Water occupies a unique position in the 
history of our planet. No other natural substance can 
be compared with it insofar as its influence on the 
course of the most basic geological processes is con- 
cerned. All substances on this Earth-whether 
mineral, rock, or living body-contain some water. 
All matter on the Earth is affected by water in some 
way and is either impregnated with it or surrounded 
by it.” The existence of water in all three phases 
(solid, liquid, and gas) in the environment is one of 
the most distinctive characteristics separating the 
Earth from other planets of the solar system. Fur- 
thermore, most of the geophysical processes on Earth 
involve changes between these phases. 

Since water is such a key substance, the study of 
hydrology is closely linked to other Earth science dis- 
ciplines, such as geophysics, plant ecology, and cli- 
matology. The energy and moisture fluxes at the 
earth-atmosphere boundary and surface conditions 
such as water content and temperature are some of 
the variables which couple hydrology and these other 
disciplines of Earth science. Spaceborne instruments 
cannot measure these fluxes directly, but they do pro- 
vide estimates of the state variables such as soil 
moisture, surface temperature, ground cover charac- 
teristics, and snowpack properties from which these 
quantities can be determined. Physically-based mod- 
els already exist to  calculate integrated fluxes using 
remotely-sensed d a t a  a s  a major  input t o  the 
algorithms. 

In addition, understanding the general laws gover- 
ning the distribution of water over the Earth and col- 
lecting data on the water balance of the seas and river 
basins is essential for the rational use and protection 
of water resources as well as for understanding the 
physical processes governing the evolution of our 
planet. Remote sensing of soil moisture and snow- 
packs helps to  monitor the distribution and how it 
changes. Evapotranspiration, a derived quantity to 
be determined from directly observable parameters, 
is a large component of the water balance and its 
estimation over large areas is also important. 

The water cycle is also closely linked to many 
biogeochemical cycles with implications for plant 
ecology. For instance, in order to  form carbon com- 
pounds, plants must transpire water. Wetlands pro- 
vide the main chemically reducing environments on 
the Earth, and soil water is essential to many soil 
chemical reactions. Water is one of the main con- 
straints, along with input energy, on ecological 
systems, This is illustrated in dryland farming areas 
in periods of drought where major economic and 

social changes can be caused by water strategy. The 
Sahelian zone of Africa is a prime example. Rain- 
fall is also important over the oceans, not only for 
climate energetics, but because the fresh water on the 
sea surface alters the surface salinity and its density, 
and as a result changes the marine circulation and 
possibly the surface biology. 

Also, surface hydrology is very strongly coupled 
to climatology. For example, evaporation and trans- 
piration are the only source of atmospheric water, 
and latent and sensible heat fluxes provide much of 
the energy to drive climate dynamics. 

The coupling of the Earth’s water cycle to  the 
solid Earth, the atmosphere, and to plant biochemical 
cycles demonstrates the essential nature of the 
hydrologic cycle in the Earth System. Figure 5 depicts 
schematically the relationships among the energy, 
biogeochemical, and water cycles. The energy and 
water cycles of the atmosphere are closely linked 
because energy is needed for latent heat of evapora- 
tion, both at  the surface and in the atmosphere, and 
is released on condensation, most notably in pre- 
cipitating clouds. The source of energy in the system 
is the sun. Some of the solar energy gets absorbed 
by the atmosphere directly, and of the portion that 
reaches the ground, part gets absorbed and the rest 
gets reflected back into the atmosphere. The at- 
mospheric layers and ground surface also radiate 
energy (i.e., thermal radiation described for exam- 
ple, by Planck’s radiation formula or the Stefan- 
Boltzmann Law). Non-radiative energy fluxes include 
sensible heat created by the temperature difference 
between the surface and the atmospheric boundary 
layer, and the latent heat flux carried by evaporation. 

It is convenient to enter the water cycle with the 
rainfall, which gets divided into surface runoff, which 
eventually reaches open water bodies and surface in- 
filtration. Of the latter, some is returned to the at- 
mosphere via evapotranspiration, some goes into 
short-term soil moiiture storage, and the rest goes 
into the water table. Clearly, the energy and moisture 
components of the hydrologic cycle are coupled and 
complex. 

Table 3 shows the magnitudes of the storage terms 
in the world water balance (United Nations Educa- 
tional, Scientific, and Cultural Organization, 1971). 
It may be seen that a very high proportion (97.2 per- 
cent) of the Earth’s water is stored in the oceans and 
ice sheets, areas with a very long average residence 
time (>4,000 years). Some of the terms, such as water 
storage in plants or in the soil and atmosphere, are 
comparatively very small, but the changes in these 
provide the major fluxes in the hydrologic cycle and 
are the fluxes of importance for energy exchanges in 
the atmosphere and for biological resources. From 
the Table, one can better begin to appreciate the com- 
plexities and magnitudes of the task facing scientists 
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Figure 5. Relationship among the energy, biogeochemical, and water cycles. 

Table 3. World Water Balance 

Parameter 
Equivalent Average 

Vdume (km3> Depth* (m) Residence Time 

Atmospheric water 

Oceans and seas 

Freshwater lakes and reservoirs 

River channels 

Swamps 

Biological water 

Moisture in the soil and the 
unsaturated zone soil moisture 

Ground water 

Frozen water 

13,000 

1,370 x lo6 

125,000 

1,700 

3,600 

700 

65,000 

4 x lo6 

30 x lo6 

0.025 

2,500 

0.250 

0.003 

0.007 

0.001 

0.013 

8 

60 

8-10 days 

4,000 years 

2 weeks 

of the order of 
years 

1 week 

2 weeks to 1 year 

days 

tens of thousands 
of years 

*Computed a s  though the storage were uniformly distributed over the entire surface of the Earth. 
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if they wish to  observe, model, and understand the 
hydrologic cycle and its variations over time and 
space. The problem is complicated by realizing that 
the readily accessible and dynamic parts of the water 
cycle in the earth-atmosphere system are a relatively 
small part of the total. Of the fresh water on the 
Earth, about 1 part in 10 is in liquid form. Of the 
liquid portion of this water that is fresh, unfrozen, 
and available, ground water occupies 99 percent, 1 
percent is in the form of water stored in lakes, 0.2 
percent is in the form of soil moisture, 0.1 percent 
is in rivers, and 0.1 percent is atmospheric water. 
About 0.005 percent exists in plants. In terms of 
equivalent depth about 1 meter falls annually in the 
form of precipitation and is evaporated from the sur- 
face of the Earth (Dooge, 1973). This precipitation 
and evaporation represent a latent heat equivalent to 
about one-fourth of the net energy input from the 
sun. 

Theoretical and numerical studies (simulations) 
have been used to  study the hydrologic cycle and its 
response to changes in the variable storage terms. The 
process driving changes in the hydrology of the land 
surface can best be expressed in terms of conserva- 
tion equations at the surface for energy and mass 
(i.e., mass of water). The important terms in the con- 
servation equation for water are the input from pre- 
cipitation and losses due to run-off, evaporation, and 
the change in water stored as snow, ice, and soil 

moisture (e.g., Figure 6). The important terms in the 
equation for conservation of energy are the input 
(e.g., from the sun), losses due to radiation from the 
surface, and fluxes of latent and sensible heat (Figure 
5 ) .  In the energy balance, the radiation from the soil 
is generally the least significant term (10 to 30 per- 
cent of the net transfer). The fluxes of latent and sen- 
sible heat account for 70 to 90 percent of the radia- 
tion budget. The proportion of these two varies with 
time of day and climate, but on the average, they are 
about the same size. The latent heat flux carries on 
the average about 40 percent of the radiation budget. 
Thus, it is important to be able to estimate both the 
latent and sensible heat flux because of their impor- 
tance in the energy balance and the latent heat flux 
alone for its water content. 

There have been several studies of the energy and 
water balance of the Earth (e.g., United Nations 
Educational, Scientific, and Cultural Organization, 
1978; Lvovitch, 1971; Nace, 1970). Numerical simu- 
lations of the atmosphere which have provided the 
framework within which to  examine the dynamics of 
the hydrologic cycle are reviewed by Manabe (1982). 
These efforts began as early as 1956 with the work 
of Phillips (1956) and continued through the efforts 
of Smagorinsky (1963), Mintz (1968), Manabe (1969), 
and Manabe and Holloway (1975), as well as others. 

There has also been other progress which gives in- 
sight into the sensitivity of the climate to  changes in A . . .. 

. . ._ . .  . .- .. . 

RAIN 

SUBLIMATION 

TRANSPIRATION 

VAPOR ATlON 

Figure 6. Important processes in the hydrologic cycle (adapted from Smagorinsky, 1982). 
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conditions at the surface with emphasis on soil 
moisture, albedo, and evapotranspiration (for exam- 
ples see Walker and Rowntree, 1977; Rowntree and 
Bolton, 1978; Rind, 1982; and Shukla and Mintz, 
1982). 

Mintz (1984) reviewed these results and showed 
that the distribution of precipitation and dynamic 
characteristics of the atmospheric circulation and 
evapotranspiration are clearly sensitive to changes in 
soil moisture and albedo of the surface. For exam- 
ple, Rowntree and Bolton (1978) showed that pre- 
cipitation changes over large areas can be the result 
of changes in the soil moisture over a relatively small 
region. They modeled an area centered over Western 
Europe for which the maximum available water that 
the soil could hold was set equal to 20 gm cm- *, 
and the ratio of evapotranspiration to potential 
evapotranspiration was taken as the lesser of unity 
and [soil water/lO gm cm-'1. Three simulation ex- 
periments were made, each for 50 days ending on Ju- 
ly 15, in which the only difference was the initial 
amount of water in the soil at those land points in 
Europe which lie between 40" and 54"N, and west 
of 30"E. The initial soil moisture in the three cases 
was 15 gm cm-' (W), 5 gm cm-* ( C )  and zero gm 
cm-' (D). 

Figure 7 shows the profiles of the rainfall, along 
longitude 13 "E, for these three cases. Over most of 
the map the differences in the rainfall are such as can 
be produced by the natural variability of the at- 
mosphere. But, within and immediately to the north 
of the region of different initial amounts of soil 
water, there is a large increase in the rainfall when 
the initially wet soil case is compared with the initially 
dry soil case. At the center of the region, the 30-day 
average rainfall increases from about 1 mm/day to 
5 mm/day. Rowntree and Bolton (1983) describe fur- 
ther simulations which showed that the anomalies in 
soil moisture introduced into the model for Europe 

" 70N 60N 50N 40N 
LATITUDE 

Figure 7. Distribution of precipitation along the 13 meri- 
dian, for three cases with different initial values of soil 
moisture ( D  = O  gm cm-*; C = 5  gm cm-*; and W = 15 gm 
cm-*). The cross hatch at the top indicates the region in 
which the soil moisture was changed (adapted from 
Rowntree and Bolton, 1978). 

caused differences in the precipitation and evapo- 
transpiration to  persist for at least 20 to 50 days. 

These experiments are for the summer season, 
when the solar radiation is large and, therefore, the 
surface radiation balance and the potential evapo- 
transpiration are large. In the winter season, the sur- 
face radiation balance and potential evapotranspira- 
tion will be smaller and, therefore, the actual 
evapotranspiration will generally be smaller. More- 
over, in the winter season some of the soil water that 
enters the air will be removed from the continent as 
cold, dry continental air begins its conversion into 
warmer, moister air. One would not expect, there- 
fore, that there will be as much precipitation recycling 
of the soil water in winter as in summer. 

Fewer numerical studies have been reported in the 
literature concerning the effect of changing snow 
cover on the atmospheric circulation. However, in 
a closely related experiment, Herman and Johnson 
(1978) showed that by varying sea-ice cover in the 
Arctic over the range observed during a 17-year 
period, not only was the local atmospheric circula- 
tion affected, but also significant changes occurred 
in the middle and subtropical latitudes. Furthermore, 
since the presence or absence of snow cover can 
radically change the albedo and the radiation 
balance, the presence of snow can lead to very signifi- 
cant effects on the evapotranspiration and soil 
moisture storage over time. Most recently, Walsh et 
a/. (1982) have shown that surface temperatures over 
wide expanses in the eastern and western United 
States are correlated with snow-covered areas. 

Even though many fine studies have been done 
on the global and regional water balances, there is 
still much to be done to reduce the uncertainties in 
the magnitude of the storage parameters for the 
global water balance, and even more so for continsn- 
tal and regional water balances at time scales shorter 
than decades (e.g., annually, seasonally). Certainly 
much remains to be learned about the temporal and 
spatial variability of evapotranspiration, soil 
moisture, and precipitation. Over the oceans, in par- 
ticular, knowledge of the variability in evaporation 
and precipitation is lacking. The effects of an- 
thropogenic activities on the hydrologic cycle also 
need to be studied and understood. Deforestation in 
the tropics, including, in particular, the Amazon 
basin, drainage of large swamps and marshes to in- 
crease river flow in Africa, and the diversion and 
reversal of the flow of major rivers in Northern Asia 
are examples of activities ongoing or under considera- 
tion that will perturb the hydrologic environment 
over large areas and on whose effects one can only 
speculate at present. 

The major factor limiting the resolution of ques- 
tions such as those noted above, is a lack of data of 
appropriate accuracy, spatial and temporal fre- 
quency, and uniformity. Currently available mea- 
surements for major components of the hydrologic 
cycle are very non-uniform in space and time. 
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Measurements of precipitation and evaporation are 
very sparse over large expanses of ocean, particularly 
in the southern hemisphere. Over land, the most com- 
mon measurements are those of precipation, but even 
these are unevenly spaced. There is a lack of obser- 
vations for studies of the hydrologic cycle in the 
tropics and the southern hemisphere land areas and, 
in general, over high-altitude areas. 

The instrumentation proposed for Eos promises 
to provide considerable observational advantages 
compared to  existing conventional and remote sens- 
ing observing systems. First, passive microwave in- 
strumentation, such as proposed for HMMR, is par- 
ticularly well-suited for detecting the presence of 
water; and second, the technology of passive micro- 
wave remote sensing is sufficiently advanced to meet 
the observational requirements needed to design and 
test global hydrologic models. 

The following sections will examine in more detail 
the current understanding of the physics allowing in- 
version from microwave signals to estimate hydro- 
logic parameters accurately and will describe the 
specific relationships of HMMR to the requirements 
of the scientific community. 

REMOTE SENSING OF HYDROLOGIC 
PARAMETERS 

In this section, we review briefly the present state 
of knowledge about our capability to remotely sense 
the hydrologically important variables and list science 
measurement requirements. Both visiblehfrared 
and passive microwave met hods are covered, but 
more emphasis is given to the microwave regime. The 
general advantages of microwave emission measure- 
ments are that, with some exceptions, the signal 
penetrates from some depth below the surface, 
whereas reflectance of solar radiation and emission 
of thermal infrared radiation are determined by the 
characteristics of a much thinner surface layer; and 
that the water molecule is resonant and also causes 
significant changes in the bulk dielectric properties 
of matter at microwave frequencies, providing the 
potential for direct measurement of water. 

Soil Moisture 
Soil moisture is important in both the energy and 

mass balance approaches to the hydrologic cycle. The 
magnitude of evaporation from bare soil, plant up- 
take of soil water for transpiration, and the thermal 
conductivity and heat capacity of soil all depend on 
the amount of soil water. Soil moisture also repre- 
sents a significant storage volume in the land hydro- 
logic cycle. 

Visible and Infrared Measurement of Soil Moisture 
Visible and infrared techniques have been used for 

estimation of soil moisture, but both suffer because 

they can measure soil moisture only in the top few 
millimeters. They are also restricted to bare soils. 

At visible wavelengths, the decrease in soil albedo 
with increasing moisture can be observed from satel- 
lite and empirically correlated with soil moisture. 
Crist and Cicone (1984) also report a sensitivity of 
near- and middle-infrared Thematic Mapper data to 
surface soil moisture, but no quantitative relation- 
ships are given. 

Thermal infrared remote sensing methods for 
estimating soil moisture exist using primarily thermal 
inertia techniques. Van de Griend et al. (1985) 
showed that these thermal infrared data are most re- 
lated to  soil moisture at night, but they also showed 
that when vegetation cover is present, the sensitivity 
is very small above the wilting point of the plants. 
Wetzel et af. (1984) used the course of thermal in- 
frared temperature estimates during the morning to 
estimate soil moisture using radiometers mounted on 
geostationary spacecraft. Although no comparisons 
with ground data are available, the method is sen- 
sitive to  error in estimated surface temperatures 
because they can alter the morning temperature 
gradient. 

Passive Microwave Measurement of Soil Moisture 
The emission of microwave radiation from the soil 

is heavily dependent on the soil moisture content, 
because the microwave emissivities of water and of 
dry soil are very different. However, the signal is at- 
tenuated by vegetation covering the soil. This at- 
tenuation increases with frequency, so it is desirable 
to use long-wavelength microwave radiation in order 
to reduce the attenuation by vegetation. Considera- 
tions of vegetation penetration, sampling depths, and 
technological constraints such as antenna size and 
potential for RFI have led to the use of 1.4 GHz 
(L-band) as the most suitable for soil moisture 
measurements. Microwave emission at this wave- 
length is most sensitive to soil moisture content varia- 
tions in the top 2 to 5 cm. Physically-based models 
of the emission from bare soil have been written (e.g., 
Wilheit, 1978). One can also account for the effects 
of surface roughness (Choudhury et al., 1979) and 
vegetation (Lang and Sidhu, 1983; Lang, 1981). This 
combined model can be solved numerically to give 
estimates of the soil moisture content, given some in- 
formation about the soil type. However, it is prob- 
ably more practical to use known linear correlations 
between soil moisture content in the top 5 cm of soil 
and the emitted radiation for each soil type. The rela- 
tionship is nearly linear and the explained variance 
high (Schmugge, 1984; Schmugge et al., 1986), while 
the number of parameters to be estimated is reduced 
and computational efficiency is increased. 

Passive microwave data at 1.4 GHz (21 cm wave- 
length) would be very useful for estimating near- 
surface soil moisture using either of these techniques. 
This could then be related to moisture status in the 
subsurface soil columns and to hydraulic parameters 
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of interest to soil scientists using physically-based soil 
physics models. The accuracy required of these mea- 
surements depends, in part, on the particular applica- 
tion to be made of the data. Requirements for dif- 
ferent applications have been collected by the NASA 
Soil Moisture Working Group and are summarized 
in the Plan for Integrated Soil Moisture Studies 
(Rango et ai., 1980). Table 4 summarizes re- 
quirements for soil moisture data for agricultural ap- 
plications and Table 5 is a summary of requirements 
of hydrologists for soil moisture measurements 
(Rango et ai., 1980). Using information presented by 
the Soil Moisture Working Group (Rango et al., 
1980), the Staelin Committee (Staelin and Rosen- 
kranz, 1978), and the Eos Science and Mission Re- 
quirements Working Group (Butler et al., 1984, Vol. 
I and Appendix), the soil scientists on the HMMR 
Panel concurred that five moisture levels should pro- 
vide adequate information initially and that obser- 
vations should be made globally at least once every 
3 days with a spatial resolution of 10 km, if possi- 
ble, but 25 km would be adequate. The 10 km resolu- 
tion is based on estimates of the size of precipitation 
cells, the forcing function for soil moisture. The ra- 
tionale for the lower spatial resolution (25 km) is that 
the soil moisture, because it is stored in the soil, is 
averaged as the precipitation event moves through 
the area. Additional data on the water content of 
vegetation, either from visible/near-infrared data or 
from 6 GHz microwave data, could be useful for in- 
ferring vegetation attenuation to correct the micro- 
wave measurement. 

At L-band frequencies (1.4 GHz), the brightness 
temperature of soil (TJ depends, in addition to 
moisture content, on soil temperature, surface 
roughness, and soil type and vegetation cover. In  the 
presence of this geophysical measurement “noise,” 
and in light of the moisture signal dynamic range 
( -  100 K), an instrument brightness temperature sen- 
sitivity of 1.5 K rms is adequate and well within the 
present technological capability. The primary goal in 
the system design, therefore, should be to reduce the 
geophysical noise. This may be achieved by including 
polarization measurements, measurements at more 
than one frequency, measurements by other sensors 
(infrared and visible wavelengths or radar), and ap- 
propriate spatial and temporal sampling. 

Polarization measurements are useful, since at 
large off-nadir view angles (>40 ”) low polarization 
difference (Le., a small difference between vertical 
and horizontal brightness temperat ures) is associated 
with increased surface roughness and vegetation. 
Near nadir, however, there is little sensitivity to 
roughness. 

Table 6 summarizes the requirements for a passive 
microwave sensor to provide these measurements of 
soil moisture, and other sensors which will help with 
the retrieval of soil moisture from the microwave data 
are discussed in the following section. 

Correlative Measurements for Microwave Measure- 
ment of Soil Moisture 

Visible and near-infrared data, as would be pro- 
vided by MODIS (Moderate-Resolution Imaging 

Table 4. Soil Moisture Information and Data Requirements 
at Different Crop Production Stages 

Crop Production Stage Accuracy 
Level* 

Resolution 
(km2) Depth 

Planning (acreage and yield 3-5 
predictions) 

7-20 1-15 

~~ ~ 

Profile 

Ground preparation and 
planting 

1-3 5 0.5-1 Surface layer 

Germination 3 5 1-10 Surface layer 

Growth and Development 

Nutrient supply 
Water management 

Irrigation 
Drainage 

Pest management 
Maturing-yield estimate 

3 

5 
3 
5 

3-5 

7-10 1-10 Profile 

3 0.5 Profile 
3-5 1-10 Profile 
3 0.5 

3-10 0.5-1 Profile 
Surface layer 

Harvest 3 3-7 0.5 Surface layer 

*General accuracy of high, medium, or low = 1;  gradation between accuracy level 1 and 5 = 2-4; and ~ 4 %  accuracy by volume 
measurement = 5 .  
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Table 5. Needs of Soil Moisture and Data Requirements in Hydrology 

Soil Moisture Applications and Identified Users Accuracy Frequency Resolution 
Level" (Days) (km2) 

Runoff Potential: 

Federal Users: NOAA-NWS, USACE, SCS design engineers, 
WPRS, HUD Flood Insurance Program 

State Users: Highway Departments and Water Resources Centers 

County and City Governments 

Private Power Companies 

Erosion Losses: 

Federal Users: Design Departments of USACE, USDI, 
and USDA-SCS 

County Organizations of Governments 

Farmers' Organizations 

Reservoir Management: 

Federal Users: USACE, WPRS 

State and Local Users: Water Resources Centers 

Private power companies, regional planners, recreation industries 

Infiltration for Trafficability and Structure Design: 

Federal Users: USACE, USDA-SCS 

State Users: Drainage Districts, Planners 

Private irrigation design engineers, mining engineers, developers 

Water Quality: 

Pesticide and Nutrient Losses: 

Federal Users: EPA, FDA, USDA-SCS 

State Users: Water Resources Centers 

Private irrigators, farm organizations, feed lot operators, 
hydrologic engineers, planners and developers 

I**  3-7 5-25 

3 3 

5 3 

3 3 

5-25 

0.5 

1 

1 3-7 5-25 

3 3-7 0.5 

3 3-7 0.5 

5 3 

5 3 

5 3 

0.5 

0.5 

0.1 

5 3 0.1 

3-5 3 0.1-0.5 

1-3 3-7 5 

*General accuracy of high, medium, or low = 1;  gradation between level 1 and 5 = 2-4; 
* 2 %  accuracy by volume measurement = 5. 

**Data refer only to  the users on the respective line in the table 
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Table 6. Summary of Measurement Requirements (Soil Moisture) 

Ideal Adequate 

Frequency 1.4, 6 GHz 1.4 GHz 

Spatial resolution 10 km 25 km 

Radiometric accuracy 1.5 K 1.5 K 

Radiometric sensitivity 1.0 K 1.0 K 

Revisit time 1-3 days 3 days 

Spectrometer) or H I R E  (High-Resolution Imaging 
Spectrometer), can also be used to indicate the 
presence of vegetation, and may be easier to imple- 
ment than an off-nadir, conical-scanning radiometer 
system that would be required for microwave polari- 
zation measurements. Thus, a single-polarization, 
crosstrack scanning radiometer (scan angle <30 ”) is 
considered more appropriate at this time. 

In addition t o  providing a vegetation “index” 
measurement, thermal infrared sensors can provide 
a skin temperature measurement that may be used 
to determine a more accurate emissivity from the 
microwave brightness temperature. The MODIS in- 
strument on Eos could provide the appropriate in- 
frared measurements. It is necessary to have an in- 
frared sensor on the same space platform to obtain 
coincidence of spatial and temporal sampling with 
the microwave data. 

Additional knowledge of soil type and land usage 
would be useful in determining soil moisture more 
accurately. Fortunately, these characteristics are 
often well known from soil surveys and land clas- 
sification maps, or  can be derived from a time-history 
of indirect measurements since the characteristics do 
not change rapidly with time. 

Evapotranspiration 
Evapotranspiration is the combined loss of water 

through the process of evaporation and transpiration. 
Evaporation occurs from water surfaces and bare soil 
while transpiration occurs from the canopy cover. 

The crucial role of evapotranspiration at regional 
or global hydrologic scales is only recently under- 
stood. Climatic simulations with global models now 
demonstrate that precipitation is sensitive to regional 
evapotranspiration magnitudes (e.g., Charney, 1977). 
Moreover, evapotranspiration rates vary interannu- 
ally because of differing air mass characteristics, and 
are subject to human modification through vegeta- 
tion change. 

Van Bavel and Hillel (1976) described how the rate 
of evaporation from soil depends on the soil moisture 

content. During the first stage when the surface is 
wet, the rate is limited only by the availability of 
energy at the surface. As the surface dries, the rate 
decreases and is controlled by the transfer of water 
to the surface. The length of time between energy- 
limited and moisture-limited evaporation depends on 
the surface soil moisture and the energy available to 
the surface. Therefore, the rate of evaporation from 
the soil depends on the soil moisture content. 

Transpiration from a canopy depends on the soil 
moisture available in the volume of soil occupied by 
active roots, the type of canopy, and the energy in- 
put to the system. Transpiration itself is not directly 
measurable by remote sensing. However, transpira- 
tion may be estimated using conventional techniques 
such as the combination equation (Monteith, 1965) 
or by energy balance techniques which use remotely- 
sensed data as input. In situ measurements are 
available of open water evaporation from evapora- 
tion pans, but few data of actual evaporation or 
transpiration are taken except for experimental pur- 
poses or for very long time periods to establish water 
balances. Conventional methods and most remotely- 
sensed methods make use of the energy balance in- 
formation about the soil surface (Shuttleworth, 
1983). 

A possible measurement scheme might proceed as 
follows. The equation for evapotranspiration from 
a vegetated or bare surface is 

PC, e*< (T,) - e, 

Y + r5 (6, R,) 
L.E. = for vegetation 

where 0 is soil moisture, L is the latent heat of 
vaporization, and E is moisture flux; R, is the in- 
coming shortwave radiation; T, is the surface 
temperature, e*, is the saturated vapor pressure at 
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the surface and e, is the vapor pressure at some level 
in the atmospheric boundary layer; r, is the 
aerodynamic resistance, which depends on wind 
speed u,  and rs the stomatal resistance, which 
depends on soil moisture content; rsol, is the 
moisture-dependent surface resistance, h is the sur- 
face relative humidity, p is the air density, c, the 
sensible heat of air, and y the psychrometric 
constant. 

Of these variables, soil moisture 0 and surface 
temperature T, are directly measurable by remote 
sensing using 1.4 GHz microwave and the 3.5 to 4.0 
pm, 8 to 9 pm, or 10 to 12 pm thermal infrared data. 
Visible and near-infrared reflectance measurements 
may be used to  estimate vegetation type, and photo- 
synthesis rate, from which the stomatal resistance r, 
can be estimated. 

There are still some undetermined values. Incom- 
ing solar radiation R, can be estimated from 
Geostationary Operational Environment Satellite 
(GOES) data by statistical methods (Tarpley, 1979) 
or can be measured at surface field stations. Wind 
speed u, aerodynamic resistance r,, and humidity e, 
are also needed at the surface. They can be estimated 
(for example, ra can be roughly estimated from land 
cover classification, and climatological or approx- 
imate values for u and e, can be used to set bounds) 
and data from planned Eos sensors such as MODIS 
and LASA (Lidar Atmospheric Sounder and 
Altimeter) plus in situ measurements can be used to 
improve the estimates. 

It is also possible to estimate the evaporation us- 
ing a mass balance approach by estimating the lower 
boundary flux from the top soil layer and observing 
the changes of soil moisture content in the surface 
layer over time. Remaining variations are assumed 
to be due to evaporation and transpiration. Recent 
work by Arya et al. (1983) and Prevot et al. (1984) 
reported results using this method. 

From the HMMR point of view, the root zone soil 
moisture and evapotranspiration parameters should 
be treated together, because the microwave observ- 
able surface soil moisture is not sufficient to satisfy 
all requirements and because the depth of the root 
zone is larger than the sampling depth of the signal. 
Evapotranspiration is the major depletion mechanism 
for the root zone soil moisture reservoir. Thus, deter- 
mination of one leads to the estimation of the other. 
Estimation of the evapotranspiration magnitude can 
be done by using either energy balance or mass 
balance approaches. 

Precipitation 
Rainfall is important because it is the primary in- 

put into the hydrologic cycle and its role in the 
dynamics of the Earth’s atmosphere is enormous. 
However, it is difficult to monitor satisfactorily by 
conventional (in situ) means because of its highly 
variable space and time distributions and because of 

the practical and economic problems of maintaining 
rain-gauge and surface radar networks over many 
types of surfaces, including oceans, areas of high 
relief, high latitutes, deserts, etc. Consequently, rain- 
fall data are inadequate for hydrologic science and 
operations, weather forecasting, and climate studies 
over most of the globe (Atlas and Thiele, 1981). They 
are inadequate particularly for near real-time opera- 
tions, which need a speedy and regular flow of data, 
and for research, especially when sets of relatively 
dense and homogeneous observations are necessary. 
Spaceborne remote sensing can help resolve these 
problems and figures to be a major component of 
any global-scale precipitation monitoring system. 

Already satellite remote sensing has begun to play 
an important part in the parameterization of the rain- 
fall input into the hydrologic cycle (Atlas and Thiele, 
1981; Barrett and Martin, 1981). Many different 
techniques have been developed and tested for such 
purposes. These include: 

Visible and infrared techniques, which derive 
rainfall estimates from satellite imagery through 
models which relate the indirect evidence of 
rainfall derived from cloud analyses to either 
ground calibration data, and/or to physical ex- 
pectations based on cycles of cloud growth and 
dissipation. 
Microwave techniques, which have yielded rain- 
fall estimates from the physically more direct 
evidence of radiation emanating from the ac- 
tive rain areas themselves, embedded within the 
clouds. 

Visible and Infrared Measurement of Precipitation 
Of the visible and infrared techniques, lifehistory 

methods (based on geostationary satellite data) have 
given useful results over both land and sea surfaces 
in the tropics where convective activity is dominant. 
Elsewhere, cloud indexing techniques have been 
necessary to provide rainfall estimates from areas not 
covered with geostationary imagery, or which are 
dominated by stratiform (frontal) rain-cloud systems. 
Few such studies have been carried out over oceans, 
due partly to  the greater problems of calibration and 
verification, but more fundamentally to the low sci- 
entific priority attached to such activities until re- 
cently. Unfortunately, visible/infrared techniques do 
not cope well with the finer details of the meso- and 
local-scale instantaneous rainfall distributions preva- 
lent within the tropics, and which are so significant 
for the initialization of weather forecasting models, 
for air-sea and tropical-extratropical interactions, 
and for a variety of applications in overland hy- 
drology. Neither do visiblehnfrared techniques func- 
tion adequately even for present scientific and opera- 
tional applications outside the tropics, primarily 
because of the difficulties of defining rain/no rain 
boundaries, assessing low-intensity rainfall, and 
evaluating very high-intensity rain events when the 
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cloud system is stratiform or mixed stratiform and 
cumuliform. 

Passive Microwave Measurement of Precipitation 
Microwave techniques hold great promise for im- 

proved satellite observations of precipitation because 
microwave observations are little affected by clouds 
and are directly related to the hydrometeors them- 
selves. Passive microwave measurements of rain fall 
into two regimes, emission/absorption and scatter- 
ing. In the former regime one observes rainfall 
through the emission of thermal energy (e.g., Wilheit 
et al., 1982). A cold background is required in order 
to  make such observations, so it is only practical 
when viewing over the oceans, which are highly 
reflective at microwave frequencies. The liquid rain- 
drops themselves are the dominant contributors to 
this absorption and emission, providing a direct 
physical relationship between the rainfall and the 
observed microwave radiances. In the scattering 
regime, the rainfall is observed via the scattering 
within the rain column, which reflects the cold cosmic 
background towards the satellite (e.g., Spencer et al., 
1983). This process allows the observation of rain- 
fall over any background, but since the scattering is 
primarily from the frozen hydrometeors aloft rather 
than from the raindrops, the relationship to rain rate 
is less direct than in the emission/absorption regime. 
Generally, at frequencies below the 22 GHz water 
vapor line, emission/absorption is the dominant pro- 
cess, and at frequencies above the 60 GHz oxygen 
complex, scattering dominates. Between 22 and 60 
GHz either can be dominant according to the specific 
situation. 

Figure 8 depicts a model used in relating observed 
brightness temperature (radiances) to rain rates and 

VARIABLE 1 MARSHALL PALMER 
1 

will be used here to illustrate some of the issues in- 
volved in extracting rainfall from microwave bright- 
ness temperature. We assume a layer of rain drops 
described by a Marshall-Palmer (1948) drop size 
distribution from the surface to the freezing level (0 
degree isotherm). The surface may be either land or 
ocean. The atmospheric lapse rate is assumed to be 
6.5 deg/km and we assume 80 percent relative hu- 
midity at the surface that increases linearly to 100 
percent at the freezing level and above, so that the 
atmospheric water vapor and the surface temperature 
are tied to  the freezing level parameter in the calcula- 
tion. Above the freezing level a variable thickness of 
frozen hydrometeors is assumed. We use the same 
Marshall-Palmer distribution for the ice spheres as 
for the rain layer, but a better description of the ice 
layer remains an open research issue. This model is 
thus left with three free parameters: freezing level 
(rain layer thickness), ice layer thickness, and the rain 
rate which is determined by parameters of the 
Marshall-Palmer distribution. 

At frequencies below 22 GHz, the details of the 
ice layer are not important, because the absorption- 
dominated signal is not affected by the presence of 
some of the less absorptive ice. However, at higher 
microwave frequencies (above 30 GHz), ice is far less 
absorptive than water, and the scattering-dominated 
signal is sensitive to the thickness of the ice layer. The 
importance of including an ice layer is illustrated by 
observations such as those taken with the 92 GHz 
channel of the AMMS (Advanced Microwave Mois- 
ture Sounder) on the NASA RB-57 aircraft over 
severe thunderstorms near Tampa, Florida, in 1979 
(Wilheit, 1986). Brightness temperatures as low as 
150 K were observed there and are also commonly 
observed in cumuliform precipitation. Observations 

MARSHALL PALMER 
RAIN DROPS 

ADJUSTED FOR DENSITY 
LAPSE RATE 

6.5"Ukm 

80% RELATIVE HUMIDITY 

SURFACE (LAND OR OCEAN) 
Figure 8. The model used to relate observed values of brightness temperature to rain rate in an 

emission/absorption model. 
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of this sort cannot be explained without including an 
ice layer in the model. 

This is illustrated in Figure 9, which shows the ef- 
fects of the ice layer on the model calculation of 
brightness temperature for a hypothetical sensor at 
92 GHz (Wilheit et a/ ,  1982). The brightness tem- 
peratures are expressed as a function of rain rate at 
the bottom and as a function of sphere diameter (and 
density) at the top of the graph. (The same Marshall- 
Palmer distribution has been used for the rain drops 
and the ice spheres.) First of all, notice that without 
the ice layer, the model does not predict brightness 
temperatures less than 250 K. However, with ice 
layers as thin as 0.5 km it is possible to get much 
lower brightness temperatures. Low brightness tem- 
peratures are obtained for particles with diameters 
of only a few hundred microns and densities of a few 
tenths of a gram per cubic meter. Ice particles of this 
size are generally associated with the rain drop for- 
mation process. These particles will precipitate 
through the freezing level, melt, and hit the surface 
as rain. However, the ice particles associated with cir- 
rus clouds are much too small to  cause any great ef- 
fect. Thus the extremely low brightness temperatures 
observed in convective rainfall are probably caused 
by frozen hydrometeors. 

Although the observations of this scattering ef- 
fect have been confined to 92 and 183 GHz, the 
phenomenon is present in some measure at lower fre- 
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Figure 9. Brightness temperature calculations at 92 GHz 
for various thicknesses of the ice layer. 

quencies; and Spencer et al. ( 1  983) have exploited this 
fact to  develop an empirical rain-rate algorithm for 
use over land using Scanning Multichannel Micro- 
wave Radiometer (SMMR) data from the Nimbus-7 
satellite. The performance of the algorithm is quite 
reasonable. When compared with radar data ob- 
tained by digitizing the film records from WSR-57 
radars and averaging over 20 km squares, they found 
that the algorithm would explain 62 percent of the 
variance. The rain information is obtained primarily 
from the SMMR data in the 37 GHz vertically po- 
larized channel and many of the remaining channels 
are used for corrections. 

Although the relationship between brightness 
temperature and rain rate is generally well understood 
(Atlas and Thiele, 1981; Wilheit et a/., 1977), there 
are details of the models employed which need to be 
considered. The rain layer thickness is the foremost 
of these. The assumption of a liquid rain layer ex- 
tending from the surface is clearly inadequate in 
warm rain situations, where the drops form without 
an ice phase. This is especially important because the 
global importance of warm rain is not now known. 
Rao et al. (1976) questioned this rain layer thickness 
assumption in high latitude winter situations. They 
found that using the climatological freezing level 
resulted in absurdly large calculated rain rates and 
corrected the model by never assuming a freezing 
level below 3 km regardless of season or location. 
Since wintertime rain is more likely to be associated 
with warmer atmospheres than the seasonal average, 
one might also question the use of the climatological 
freezing level for rain situations. 

The effect of water vapor on the brightness 
temperature is another source of error in the deter- 
mination of rain intensity. The water vapor is deter- 
mined from the freezing level in the model but this 
introduces error. One solution would be to have a 
channel near the water vapor line (e.g., 21 GHz) in 
the sensor system and correct for the water vapor 
contribution to the brightness temperature. 

Current models also include a non-precipitating 
cloud of arbitrary density. These small (<50 pm 
diameter) droplets absorb in direct proportion to their 
mass but generally much less than a corresponding 
mass distributed in precipitation-sized (>50 pm) par- 
ticles. Therefore, the cloud contributes only a few 
degrees to the brightness temperature in the model 
calculations, but if the assumption is grossly wrong 
this could be a larger source of error. Multifrequency 
observations possibly could alleviate this problem, 
and additional experiments are needed to obtain 
estimates of the severity of the problem. 

The modeling in the scattering dominated mode 
is not nearly so well advanced. The ice is modeled 
as an  ensemble of spheres, but the shapes of the ice 
particles actually found in a rainstorm are much more 
varied. It is generally assumed that for particles that 
are very small compared to the wavelength of the 
observation, the scattering is well approximated by 
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an “equivalent” sphere, but the actual electromag- 
netic solution is intractable for all but a very few 
shapes. Moreover, the distribution of ice particles for 
a given rain rate, which is assumed in the model 
described above to  be the same Marshall-Palmer 
distribution as for the rain drops, is in fact really 
completely unknown and may not even be uniquely 
related to the rainfall at all. 

Finally, there are some additional problems pe- 
culiar to measuring rainfall which are the result of 
the high spatial and temporal variability of rain. In 
particular, the large spatial variability of rain causes 
an error peculiar to microwave techniques because 
high spatial resolution is difficult to achieve in micro- 
wave sensors due to the antenna aperture required. 
The transfer function between rain rate and bright- 
ness temperature is highly nonlinear. Because of this 
nonlinearity, if there is any inhomogeneity in the 
field-of-view, direct application of the transfer func- 
tion will result in an underestimate of the rain rate. 
This results in a significant bias in the measurements 
when a great many observations are averaged. Esti- 
mates varied as t o  how much of a problem this was 
in 25 km ESMR data; there were no extensive studies 
to estimate and correct for this bias. Nevertheless, 
the Rao et al. (1976) atlas and the Adler and Rodgers 
(1 977) tropical storm study produced quantitatively 
reasonable results with no correction for partial fill- 
ing of the antenna beam with rain. One would con- 
clude that at the 25 km resolution of ESMR the so- 
called “beam filling” problem is serious but not crip- 
pling. The SMMR and SSM/I resolutions (60 km at 
19 GHz) are a different matter; there have been no 
studies but the problem would be expected to be ex- 
tremely serious and to require careful study and cor- 
rection. To alleviate this problem, and reduce it to 
manageable proportions, the resolution should be of 
the order of the correlation length of rain (10 km or 
less). 

Another problem is that rain rate is the parameter 
being estimated, whereas the desired quantity is 
generally an integrated rainfall over some period of 
time. Any remote rainfall measurement scheme will, 
therefore, depend on sampling of the rain with its 

associated uncertainties. Statistically, the solution can 
be shown to be reasonable for many applications with 
a properly designed measurement strategy (e.g., Ap- 
pendix B). 

A final problem is that in some circumstances 
there is a large diurnal cycle in rainfall. This causes 
a large potential error in any sun-synchronous 
measurement approach. 

Measurement Requirements 
To summarize, microwave radiation responds 

directly to  hydrometeors and remote sensing with 
microwaves offers the potential for significantly im- 
proving our knowledge of the global distribution of 
rainfall. To be practical, such a system should have 
the following characteristics: 

Frequency-Several frequencies, including 18, 
21, 37,  and 90 GHz with dual polarization to 
sort out the ice layer thickness problems 
Spatial Resolution-Sufficiently high to detect 
even the smaller meso- to local-scale rain cell 
structures (10 to 20 km range) 
Temporal Resolution-Enough temporal 
resolution for the dynamics and distribution of 
these smaller scale rainfall events to be studied 

A specific list of the requirements for a passive 
microwave remote sensor for measuring precipitation 
is given in Table 7. 

Obtaining adequate temporal resolution (i.e., the 
amount of time between measurements) presents a 
problem from low Earth orbit. However, statistical 
studies suggest that even revisit times of up to 3 days 
can provide accurate estimates of the mean monthly 
rainfall once a large data base is obtained (see Ap- 
pendix B). A more severe problem is the bias in- 
troduced in sun-synchronous or polar orbits. A 
knowledge of the diurnal variability of rain is need- 
ed to determine the magnitude of and to correct for 
such biases. 

Active microwave sensors (radar) also have the 
potential for providing accurate measurements of 
rain from space, and probably a combination of ac- 
tive and passive sensors would be ideal for this 

Table 7. Summary of Measurement Requirements (Precipitation) 

Ideal Adequate 

Frequency 18, 21, 37,  90 GHz 18, 21, 37,  90 GHz 

Spatial resolution 1 km 10 km 

Radiometric accuracy 2.0 K 2.0 K 

Radiometric sensitivity 2.0 K 2.0 K 

Sampling interval 1 day 3 days 
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measurement problem (Atlas et al., 1982). Just hav- 
ing a radar to  determine the height of the precipita- 
tion column would significantly improve the passive 
measurement. 

Snow Properties 
Snow has two major roles in the hydrologic cy- 

cle: (1) snowmelt is the principal source of water for 
runoff and soil moisture recharge at high latitudes 
and at high altitudes; and (2) snow cover influences 
the global climate, and even small areas in the mid- 
latitude mountains may be sensitive indicators of 
climate change. Both the mass and energy balance 
equations are influenced by snow. It represents a 
large component in the water (mass) balance equa- 
tion because it is the largest single source of fresh 
water on the Earth. Its difference in albedo from 
other materials and its lower thermal conductivity 
and lower temperature make it important to  the 
energy balance as well. 

Most of the water supply in the western U.S. has 
its source in snowmelt, as is also the case for major 
areas of Europe, Asia, South America, and Aus- 
tralia. The variation in the amount of snowfall and 
the rate of snowmelt affect development and schedul- 
ing of hydroelectric power generation facilities, 
management of irrigation, crop planting selection 
and strategy, management of agricultural com- 
modities, and protection from floods. 

The snow cover extent affects the Earth’s radia- 
tion balance, because snow typically has high albedo 
(>0.8) whereas soil, vegetation, and water typically 
have low albedo (<0.2). The presence or absence of 
snow alters the energy balance and surface tempera- 
ture, thereby affecting atmospheric circulation, 
global water supply, and food production. The in- 
terannual variability of the areal extent of snow in 
the northern hemisphere is greater than that of any 
other land cover. Because of the propensity of snow 
to be moved by wind after it falls, and because fall 
velocities of snow are lower than for rain, the spatial 
variation in the depth and water equivalent of snow- 
fall is greater than for rainfall, especially in moun- 
tainous regions. Moreover, the rate of melt varies. 
The acid precipitation problem is magnified in the 
snow cover. Soluble impurities are leached by the first 
meltwater, and as a result the ionic concentration in 
the first melt can be much higher than in the 
snowpack as a whole (Colbeck, 1981). 

In observations of snow cover, two parameters are 
widely used in forecasting schemes: snow water 
equivalent (the depth of water produced if the snow 
were to melt) and snow-covered area. In addition, 
three other parameters are important for climate 
studies and could be used in more sophisticated 
runoff forecasting methods that are likely in the 
future: snow wetness, albedo, and temperature. 

Current methods for forecasting snowmelt runoff 
in the U.S. use snow water equivalence measurements 

made manually at selected snow courses, supple- 
mented by satellite estimates of snow-covered area 
from Landsat, the NOAA polar-orbiting meteoro- 
logical satellites, and GOES. For global climate 
studies, snow cover and albedo data from the NOAA 
and DMSP satellites are used. 

The spatial scale at which snow data are needed 
is similar to that of soil moisture in similar 
topography. In the U.S., however, there is no press- 
ing need to measure soil moisture in rugged terrain, 
but much of the snow resource exists in mountainous 
areas. In the plains, a spatial resolution of 10 km is 
adequate, but in mountainous areas 1 km probably 
is necessary. The way in which topographic variation 
within a resolution element influences the signal is 
unknown. 

Visible and Infrared Measurements of Snow 
Snow-covered area can be mapped in the visible 

wavelengths at spatial resolutions from 30 m to 4 km 
and temporal resolutions from daily to  monthly. It 
can be monitored from Landsat, NOAA meteoro- 
logical satellites, DMSP, or GOES because snow has 
a higher albedo than other land covers. Only clouds 
are as bright as snow, but snow and clouds can be 
discriminated in the 1.55 to 1.75 pm wavelength 
bands on the Landsat Thematic Mapper and the 
DMSP satellites (Valovcin, 1976; Crane and Ander- 
son, 1984; Dozier, 1984). In addition, this band is 
to be added to the NOAA polar-orbiting meteoro- 
logical satellites. The near-infrared bands of Land- 
sat and the NOAA meteorological satellites can 
distinguish new snow from that which has been 
melted (Dozier et a/., 1981). 

Snow water equivalence cannot be measured at 
visible or infrared wavelengths, unless the depth is 
shallow. In visible wavelengths, springtime snow 
becomes effectively semi-infinite at about 50 cm 
depth (Warren, 1982). McGinnis er a/. (1975) have 
correlated NOAA meteorological satellite measure- 
ments with snow depth from a few storms in the 
southeastern U.S., and Dozier et al. (1981) have used 
the NOAA satellite to  estimate snow water 
equivalence over lakes in the Canadian Arctic. 

Snow water equivalence has been estimated from 
Landsat data by residual methods, whereby satellite 
images from successive overpasses are compared to 
runoff data (Rango and Martinec, 1979). 

Snow albedo can be estimated from visible and 
near-infrared data. Visible wavelength measurements 
can reveal the extent to which snow albedo is reduced 
by contamination, and near-infrared reflectance is 
sensitive to grain size (Warren and Wiscombe, 1980; 
Wiscombe and Warren, 1980; Dozier, 1984). 

Microwave Remote Sensing of Snow Properties 
There are two major shortcomings in our present 

use of satellite visible and infrared data to investigate 
the Earth’s snow cover: (1) our measurements of 
snow water equivalence, the most crucial variable in 
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snow hydrology, are often faulty because, in part, 
depth cannot be measured from satellite in the visible 
or infrared; and ( 2 )  because rapid snowmelt can 
sometimes occur in cloudy weather, it is important 
t o  be able t o  measure snow-covered area in  all 
weather. 

Microwave measurements from satellite could 
help to  remedy both problems, as well as provide in- 
formation on snow wetness. Albedo and surface 
temperatures can be obtained with measurements in 
the visible and infrared and probably will be adequate 
even if knowledge is restricted to clear conditions. 

Foster et al. (1984) summarize the capability of 
microwave remote sensing of snow properties. Snow 
cover extent is the easiest parameter to measure from 
orbit. Microwave data allow snow cover extent to be 
monitored through clouds. Because dry snow has 
such low emissivity at microwave frequencies, snow 
boundaries can usually be delineated at 18 GHz or 
37 GHz. However, the microwave signature of melt- 
ing snow may resemble that of bare ground, and con- 
current measurements of snow extent from satellite 
visible data may be helpful to resolve the boundary 
in such cases. Alternatively, the snow boundary can 
be observed at night after the snow has refrozen. 

Measurement of snow water equivalence from 
microwave emission is in its infancy, but development 
of a successful method would be a significant achieve- 
ment in hydrology. For snow of a given grain size, 
microwave emission decreases as the water equiva- 
lence increases, but an increase in grain size also 
causes emission to decrease (see Figure 10). More- 
over, the influence of grain shape and snowpack 
stratigraphy are unknown. When snow is wet, emis- 
sion increases substantially, as does the optical depth 

of the snowpack. For dry snow, however, a method 
can probably be developed using a multifrequency, 
dual polarized sensor. The higher frequencies (18 and 
37 GHz) would be useful for shallower snow, while 
5 to 10 GHz would be useful for deeper snow. Multi- 
ple frequencies are necessary to cover the range of 
snow water equivalences expected. Increases in 
microwave emission with the presence of liquid water 
in the snowpack are especially noticeable at 18 and 
37 GHz. 

Continuing research can be expected to improve 
the information which can be extracted from micro- 
wave remote sensing of snow. Among the more im- 
portant research issues are: (1) The dielectric constant 
of ice is not well measured at many of the frequen- 
cies useful for remote sensing. For example, there are 
no reliable measurements between 24 and 240 GHz 
and different sets of apparently reliable measure- 
ments between 2.7 and 24 GHz are in conflict (War- 
ren, 1984); (2) Microwave emission from snow de- 
pends on other attributes beside depth and water 
equivalence. These apparently include grain size and 
shape, stratigraphy, and density. We know that depth 
and microwave emission are inversely related, but we 
do not know enough to model emission given speci- 
fication of snowpack properties; ( 3 )  The microwave 
signal can tell us when snow is wet, but our under- 
standing is not enough to allow a quantitative esti- 
mate of wetness (i.e., the free water content of the 
snow). The wetness fraction influences the microwave 
signal, but in some frequency ranges the shape of the 
liquid water inclusions is also important. We have 
very little idea of typical distributions of these shapes. 

Table 8 summarizes our current knowledge about 
the snow properties which can be measured by remote 

Table 8. Summary of Snow Parameters and Measurements 

Parameters Instrumentation Technological 
Development State 

Snow cover extent Microwave at 18 or 
37 GHz 

Microwave at 1.4, 6, 
10, 18, and 37 GHz 
dual polarization 

Snow water equivalent 

Snow wetness 18 or 37 GHz 

Albedo 

Temperature 

Optical 0.6, 0.9, and 
1.6 pm 

3.7 and 11 pm 

Demonstrated feasibility 

Demonstrated feasibility 
to obtain relative 
values for shallow, dry 
snow; research needed 
for deeper snowpacks 
and to assess influence 
of snow properties 

Feasible up to - 5 %  
water content 

Demonstrated feasibility 

Demonstrated feasibility 
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Figure 10. Calculated 37 GHz brightness temperature versus snow water equivalent for dry snow over unfrozen soil 
(incidence angle = 50") using a microscopic scattering model at various mean snow grain sizes. 

sensing, and Table 9 summarizes the requirements 
which a passive microwave system should meet to 
provide this information. 

Runoff 
This parameter is very difficult to estimate directly 

using remotely-sensed data, and is usually measured 
by conventional river gauging. However, the mass 
balance equation can be used to give estimates of 
runoff using rainfall-runoff models. Changes in 
precipitation, evaporation, and soil moisture status 
can be input into runoff estimation models to aug- 

ment existing stream gauge data. Soil moisture status 
is a requirement here for physically-based modeling, 
because the infiltration rate into soil and the soil 
hydraulic properties are closely related to  soil 
moisture status. Blanchard and O'Neill (1983), us- 
ing a time series of microwave data immediately after 
a saturating rain-storm, were able to  estimate satu- 
rated hydraulic conductivity and thus differentiate 
the properties of sand and clay in soil. This relation- 
ship between sand, clay, and hydraulic conductivity 
has recently been explored in detail using conven- 
tional data by Cosby et af. (1984). 

Table 9. Summary of Measurement Requirements (Snow) 

Ideal Adequate 

Frequency 1.4, 6, 10, 10, 18, 37, 91 GHz 

Spatial resolution 1 km 10 km 

Radiometric accuracy 2.0 K 2.0 K 

Radiometric sensitivity 2.0 K 2.0 K 

Revisit time 0.5 days 3 days 

18, 37, 91 GHz 
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PHYSICAL OCEANOGRAPHY 

Background 
Because of the high heat capacity and circulation 

of the oceans, it has often been stated that the oceans 
are the flywheel of the heat engine which determines 
the weather and climate of the Earth. In any case, 
the role of the oceans in determining the weather and 
climate of the Earth is an important one, and we are 
only beginning to understand the dynamic processes 
that participate. The decisions to initiate the Tropical 
Ocean and Global Atmosphere (TOGA) research 
program and the World Ocean Circulation Experi- 
ment (WOCE) reflect the central role of the oceans 
in global change. The results of the observations and 
research on the recent Southern Oscillation-El Nifio 
Event (ENSO) clearly show the importance of 
atmosphere-ocean couplings. They also have shown 
the great potential of remote sensing as a tool of in- 
quiry in climatological and oceanographic research. 

Passive microwave measurements with the Elec- 
tronically Scanned Microwave Radiometer (ESMR) 
on Nimbus-5 and the Scanning Multifrequency Mi- 
crowave Radiometer (SMMR) on Nimbus-7 and 
Seasat, showed the importance of microwave mea- 
surements of sea surface radiance, from which one 
can infer sea surface temperature, surface wind 
speed, and other variables. 

These data also demonstrated the need for resolu- 
tion substantially better than obtained with the 
SMMR. The retrieval of sea surface temperature 
from microwave radiance measurements is severely 
affected by the presence of land in the radiometer 
antenna beam. Land surfaces are much warmer (have 
a much larger brightness temperature) than the ocean 
surface near 6 GHz where measurements of sea sur- 
face temperature are made. In the case of the SMMR, 
radiation from land strong enough to corrupt the 
measurement was picked up through antenna side- 
lobes when the sensor (footprint) was within several 
hundred kilometers of land surface. As a result, large 
areas of the oceans of great climatological and dy- 
namic importance could not be covered. Regions af- 
fected included the important western boundary cur- 
rent and most upwelling areas and wind driven 
coastal currents as well. A microwave radiometer 
with a finer spatial resolution and better antenna 
design would represent a significant improvement in 
sea surface temperature determination from space. 
The data would be useful in the TOGA and the 
WOCE experiments, as well as for general oceano- 
graphic research applications. 

A microwave radiometer is also capable of pro- 
viding the measurements needed to estimate heat 
fluxes from the ocean (e.g. Liu, 1985). Locally, the 
heat flux changes atmospheric and oceanic density 
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stratification and modifies winds and currents. On 
a large scale, differential heating drives atmospheric 
circulation which in turn drives ocean currents and 
redistributes the heat. The radiances observed by a 
microwave radiometer can be used to derive coinci- 
dent estimates of surface wind speed, sea surface 
temperature, atmospheric water vapor, and (poten- 
tially) rain rate. These are the parameters needed to 
deduce the latent heat flux due to evaporation from 
the ocean, the largest time varying component of the 
ocean-atmosphere heat exchange on seasonal and in- 
terannual time scales. 

Specifically, diabatic heating of the atmosphere 
is mainly due to the release of latent heat when water 
vapor condenses. Therefore, the atmospheric heat 
budget can be approximated by the atmospheric 
water budget: 

where the terms (from left to right) are the time rate 
of change of columnarwater vapor (w), the advec- 
tion of water vapor ( U  . Vw), and the evaporation 
(E) and precipitation (P) rates. Multiplying each term 
with the latent heat of vaporization (L) will result in 
the atmospheric heat balance equation. A microwave 
radiometer can measure aw/dt, Vw, and P, and E can 
be deduced from measurable quantities such as 
temperature and humidity at the surfag.  So with an 
estimate of the effective wind vector U , the global 
atmospheric heat balance can be studied. On the 
other hand, if either U or P is measured, the other 
parameter will be determined as the residual in the 
water budget equation. The former provides infor- 
mation on circulation pattern and the latter on 
diabatic heating of the atmosphere. 

The heat budget of the upper ocean can be ap- 
proximated by: 

dT/at + V VT + WTJR = (R - LE)/pch 

where p is the density of water, c is its heat capacity 
and h is the height of the mixed layer. After multiply- 
ing both sides by p, c, and h, the terms are (from 
left to right) the time rate of change of heat content, 
the horizontal advection of heat, the vertical advec- 
tion of heat from below (W is the velocity of water 
flowing in from below and T, is its temperature) 
and on the right hand side is the net flux of heat at 
the surface. In the latter, the sensible heat and 
longwave radiation component have been assumed 
to be small compared with the latent heat (LE) and 
shortwave radiation (R). A microwave radiometer 
can measure dT/dt and VT directly and can provide 
measurements from which LE can be calculated. R 
can be computed from cloud parameters. The other 
terms have to be inferred from other measurements 



such as measurements of surface wind stress which 
can be obtained with a microwave scatterometer. 

From the preceding discussion, it is clear that a 
microwave radiometer can play a major role in fur- 
thering our understanding of the atmospheric and 
oceanic heat balance. In turn, one has to understand 
the heat budgets of the atmosphere and oceans in 
order to understand atmospheric and ocean circula- 
tion. Finally, from an understanding of the circula- 
tion, one can begin to understand climate variability. 

In addition to  providing the basic measurements 
needed to understand the heat budgets of the atmo- 
sphere-ocean system, microwave radiometers can 
yield data in cloud-covered as well as cloud-free 
regions. Measurements can be done under a wide 
range of atmospheric conditions, permitting data sets 
to be obtained with uniform sampling, uninterrupted 
by changes in local weather conditions. Furthermore, 
measurements can be obtained in adverse weather, 
an important factor, since many surface phenomena 
of interest are coupled with relatively adverse weather 
conditions. An example is the change in local climate 
that was apparently coupled with the recent El Niiio 
off the west coast of South America. 

Observational Requirements 
In remote sensing, as in most other things, balance 

and compromise are essential: balancing what one 
would like against what is realistic. For example, in 
the case of ocean dynamics, surface winds and cur- 
rents have certain natural scales which should be 
resolved by an ideal system. Thus, in mid-latitudes, 
synoptic storms have spatial scales of several thou- 
sand kilometers, and time scales of several days. An 
ideal sensor system would measure the surface wind 
with spacehime resolutions of about one-tenth these 
scales, i.e., a few hundred kilometers and a few 
hours. However, the curl of the wind vector, as well 
as wind stress, is important for driving ocean circula- 
tion. The curl is concentrated in atmospheric frontal 
regions. Consequently, a few tens of kilometers 
spatial resolution may in fact be required. 

Similar considerations apply for the determina- 
tion of sea surface geostrophic currents. The domi- 
nant surface geostrophic currents are those of the ma- 
jor flows such as the Gulf Stream, Kuroshio, etc., 
and their associated meandering and eddying cur- 
rents. A typical Gulf Stream eddy has a diameter of 
about 150 km, and tends to slowly drift westward 
at about 5 km/day, thus taking 30 days to  move its 
own diameter. Invoking again the 1O:l rule of thumb 
for resolution, one would like to have a system with 
a resolution of 15 km and revisit every 3 days. In the 
case of sea surface temperature, the same scales ap- 
ply, yielding a space/time resolution requirement of 
15 km and 3 days. This resolution is quite similar to 
that set forth by the U.S. Navy. The Navy require- 
ment is usually stated as 10 km desired, 25 km ac- 
ceptable (Hollinger and Lo, 1984). The spatial resolu- 

tion needed to derive a useful global sea surface 
temperature data set is probably near 10 km. The 
sharpest gradients in sea surface temperature fields 
can exceed 10 K/km; however, this is rare and a 10 
km resolution should be satisfactory. 

Gulf Stream shear waves can be as short as 50 km 
and have a period of 12 hours. Their amplitude is 
less than 10 km, and it is doubtful that they could 
be resolved with the preceding resolution. However, 
larger scale waves, with amplitudes of 10s of km and 
periods of 2 days or more, could be resolved with 
spatial resolution of 10 km and sampling of once per 
day. Phenomena of this type are the cyclogenesis pro- 
cesses that take place near Taiwan in the Kuroshio 
and near Cape Hatteras in the Gulf Stream. The reac- 
tions of major oceanic currents to air-sea interaction 
events involving cyclogenesis may therefore be ac- 
cessible for research with data of this spacehime 
resolution. 

Another especially important phenomenon that 
can be observed at this space/time resolution is the 
motion of patterns of high winds, such as those 
created by polar low pressure systems in the atmo- 
sphere and by tropical storms at low latitudes. The 
extent, speed, and intensity of this atmospheric for- 
cing of the ocean is important information for realis- 
tic modeling of air-sea interaction, and the feedback 
from the ocean on these atmospheric systems is also 
significant. A passive microwave instrument would 
serve as an important data source for assessment and 
research on such air-sea interaction processes. Early 
identification of polar lows and cyclones at mid- and 
low-latitudes would also be made more likely. 

Summary of Measurement Requirements 
The minimum usable spatial resolution of any 

remote sensing measurement is sometimes hard to  
define. In the case of SMMR, the resolution of the 
sea surface temperature measurement was approxi- 
mately 150 km, yet impressive global temperature 
maps have appeared in the literature. On the other 
side of the coin, a logical question concerns the ideal 
scale of resolution needed for research. To this end, 
the Panel reviewed digitized infrared-derived images 
of sea surface temperature as the resolution was de- 
graded in successive stages. When the resolution was 
better than 5 km, eddy patterns became distinct and 
consequently useful for modeling purposes. Such fine 
scale of resolution requires an antenna on the order 
of 12 m in diameter at 6 GHz. The engineering job 
is further compounded by the fact that brightness 
temperature must be measured to an accuracy of bet- 
ter than 0.5 K. Meeting both of these requirements 
is a challenging task, indeed. Clearly, the choice of 
requirements involves a choice between what is ideal, 
given as a limitation only our ability to use the scien- 
tific data, and what is adequate to provide new in- 
formation of a fundamental nature but more in line 
with technological feasibility. With this in mind, the 
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requirements in physical oceanography for passive 
microwave sensor are listed in Table 10. 

The measurement at 18 GHz in the “ideal” col- 
umn has been included because of the sensitivity of 
this channel to surface wind speed. 

SEA AND GLACIAL ICE 

Scientific Background 
The surface of the Earth at high latitudes is unique 

because it is generally covered with an extensive 
blanket of snow and ice. This highly reflective cover- 
ing prevents the heat of the sun from warming the 
glaciated land and insulates the ocean by inhibiting 
the loss of thermal radiation to  the atmosphere. 
Because of this property of the ice and snow blanket 
for moderating the energy exchange at the surface, 
changes in this cover can have an important effect 
on climate. For example, increases in the ice cover 
could raise the Earth’s albedo causing less of the 
sun’s energy to be absorbed by the Earth. At present, 
the ice sheets are but slowly changing, and although 
the areal extent of sea ice undergoes dramatic sea- 
sonal variations, on the average it is also approx- 
imately in equilibrium (Zwally et al., 1983; Parkinson 
et al., 1986). However, the climatic record as pre- 
served in ocean sediments and in ice cores indicates 
that the present equilibrium is unstable and that the 
recent history of the Earth has been punctuated by 
major advances and retreats of the ice. Evidence from 
ice cores collected in Greenland and Antarctica sug- 
gest that the last glacial cycle, which lasted almost 
100,000 years, ended abruptly about 15,000 years ago 
for reasons not yet explained. Because the complex 
interplay between ocean, atmosphere, and ice that 
triggered this change in climate is not understood, 
neither is the scenario that might lead to another 
readvance of the ice (Mosely-Thompson et al., 1985). 

The natural cycle of ice ages is now further com- 
plicated by man’s activities. Burning of fossil fuels 
and deforestation of the land are contributing to a 
steady increase in atmospheric CO,. Given that CO, 

can trap heat within the atmosphere, a global warm- 
ing has been predicted that could seriously alter the 
present extent and configuration of the polar ice 
cover. Because the high surface albedo at the poles 
reduces the amount of radiative energy penetrating 
the surface, a climatic change causing a reduction in 
the ice cover can lead in turn to further warming as 
solar radiation heats the previously ice-covered land 
and ocean surfaces. Indeed, climate models indicate 
that such a warming will be significantly amplified 
in the polar regions. Eventually, sufficient warming 
can affect even the great ice sheets, causing them to 
shrink with an accompanying rise in sea level (Depart- 
ment of Energy, 1984). Therefore, a fundamental 
question confronting polar research programs is to 
determine whether the world’s ice masses are grow- 
ing or shrinking (Barry, 1983). 

The importance in improving our understanding 
of the polar regions is relevant not only because of 
their impact on world climate, but also because of 
the increasing commercial and strategic significance 
of the Arctic. Operational activities to exploit the 
mineral wealth of the Arctic, to harvest fish from arc- 
tic seas, and to maintain a crucial military capabili- 
ty all encounter a common hazard-sea ice. The mar- 
gin of the floating ice can shift tens of kilometers per 
day, impacting navigation, and similar motions of 
ice floes within the ice pack present a formidable 
threat to offshore structures. Moreover, because the 
ice margin is an area of nutrient-rich water upwelled 
from the deep ocean, an accurate knowledge of ice 
edge conditions is needed for a thorough understand- 
ing of the food chain in the Arctic. The fundamental 
observables needed to support these programs are the 
extent and concentration of the ice. 

Given as the goal of a measuring system, establish- 
ing bench marks against which the effects of climatic 
change can be measured, enhancing our understand- 
ing of the influence of the polar oceans on global cir- 
culation, and also providing support of operational 
programs at high latitudes, then the parameters which 
this system needs to observe are the concentration 
and age of sea ice, the size and distribution of 
polynyas in the consolidated ice pack, motion of the 

Table 10. Summary of Measurement Requirements (Oceans) 

Ideal Adequate 

Frequency 6, 10, 18 GHz 6, 10 GHz 

Spatial resolution 1-5 km 10-25 km 

Radiometric accuracy 1.0 K 1.0 K 

Radiometric sensitivity 0.1 K 0.5 K 

Revisit time 1 day 3 days 
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ice pack, surface temperature, and the accumulation 
and surface melting on the ice sheets. Because the 
geophysical processes that influence these parameters 
vary in spatial extent and duration, the scale and 
repeat cycle required at the observations similarly is 
variable. Furthermore, the observational require- 
ments for the ice sheets and sea ice are quite different. 
Because of the slow growth rates of the ice sheets, 
careful measurements undertaken at intervals of 
years are adequate. On the other hand, observations 
every few days are needed to  monitor sea ice. Also, 
the physical properties of sea ice, which is brine rich 
and highly conductive, are radically different from 
glacier ice, which is nearly free of impurities. For ex- 
ample, the conductivity of ice sheets is so small that 
microwaves penetrate several meters to permit obser- 
vation of subsurface characteristics. On the other 
hand, the conductivity of recently frozen sea ice is 
so high (because salt is present) that electromagnetic 
waves only penetrate the first few millimeters of the 
surface. Also, salt leaches out of sea ice with elapsed 
time, so that old sea ice exhibits different properties 
than new sea ice. 

Eventually, a compliment of visible, infrared, and 
microwave sensors will be needed to provide all the 
information required in the cryosphere; however, mi- 
crowave sensors have proven to be the most useful 
instruments to date for collecting information from 
space over the Earth’s poles. The reasons for this suc- 
cess are: (1) microwave instruments are little affected 
by the clouds and fog which frequently shroud the 
polar regions; (2) they are unaffected by the polar 
night which inhibits the use of optical instruments; 
and (3) the large difference between the microwave 
emissivity of water and ice makes discrimination be- 
tween them relatively easy. 

Observational Requirements 
Remote Sensing of Ice Sheets 

Ice sheets flow under the force of gravity, 
spreading and thinning in a manner dictated by the 
physical properties of ice, the bedrock topography, 
and the surface mass balance rate. Of these parame- 
ters, perhaps the surface balance is the least well- 
known quantity over the large ice sheets. In the Ant- 
arctic, uncertainty in the total annual snow accumula- 
tion has thwarted attempts to  compute convincingly 
the total mass budget of either the East or West Ant- 
arctic ice sheets. In Greenland, calculations are fur- 
ther complicated because melting at low elevations 
on the ice sheet is probably the principal form of 
ablation and t o  date there are no reliable means for 
measuring the melt rate on the ice sheet. 

Microwave observations have the potential for 
greatly refining our estimates of the surface balance. 
The microwave emissivity of a snow surface is sensi- 
tive to the grain size and its distribution with depth, 
which is determined mainly by snow accumulation 
rates and snow temperature. Preliminary ice-sheet ac- 

cumulation maps have been derived based on an em- 
pirical relationship between observed emissivity and 
the few measured accumulation rates, but additional 
research is needed to  refine this relationship and to 
take fuller account of snow surface temperatures. (It 
has been suggested that brightness temperatures col- 
lected at a few GHz, frequencies which are relatively 
insensitive to  scattering in the snow, could be used 
to determine average temperature in the upper 10 m 
of the ice sheet.) In regions where extensive ac- 
cumulation rate measurements have been made, sig- 
nificant variations in surface balance were observed 
over distances on the order of kilometers suggesting 
that areal coverage of the ice sheet at a scale of 10 
km would be desirable for surface balance maps. 

Because the microwave emissivity of snow in- 
creases markedly with wetness, the change in emis- 
sivity due to the onset of surface melting is large and 
easy to detect. Consequently, microwave observa- 
tions could be used as key indicators of the yearly 
onset and extent of melting. Variations in melt char- 
acteristics from year to year could be a herald of 
changing environment. In this vein, an intriguing 
possibility for investigating the climate of the recent 
past is suggested by new work (Swift et al., 1985), 
showing that combined radiometer and scatterometer 
measurements can be used to map the distribution 
of buried ice lenses. The buried lenses are features 
formed by melting and refreezing in previous years, 
so the comparison of present melt extent with maps 
of ice lens distributions could be used to  investigate 
recent climatic trends. Also, surface melting is the 
principal ablation mechanism on the flanks of the 
Greenland ice sheet and maps accurate to several 
kilometers would be valuable in studies of the local 
environment. Summer melt on the surface of the Ant- 
arctic ice sheet generally freezes in place, so a 
knowledge of the spatial extent (tens of kilometers) 
and temporal variation (on a daily basis in summer) 
would be a proxy indicator of surface temperature. 

An adequate measurement of accumulation and 
ablation rates requires data at about 1 km resolution 
with an accuracy of 1 to  5 cm per year, and data on 
surface melting is also required with about 1 km 
spatial resolution with an update each day in the sum- 
mer. The requirements for a passive microwave sen- 
sor to  help provide this information are given in 
Table 11. 

Remote Sensing of Sea Ice 
Two measurements are crucial to understanding 

the role of sea ice in the climate system. The first is 
the extent and concentration of the polar sea ice cover 
and the second is the distribution of sea ice thickness. 
The importance of the variation of ice thickness 
across the Arctic to  both the dynamics and thermo- 
dynamics of the region has been noted in recent 
studies (Hibler, 1980; Maykut, 1982). This is espe- 
cially true of energy exchanges at the surface during 
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Table 11. Summary of Measurement Requirements (Sheet Ice) 

Ideal Adequate 

Frequency 

Spatial resolution (spot size: 
one spot every 10 km) 

~~ ______ 

10, 18, 37, 90 GHz 18, 37 GHz 

1 km 1 km 

Accuracy 2 K  2 K  

Revisit time 

Surface melt 1 day 3 days 

Accumulation rate 1 day 3 days 

winter. Rates of ice growth, heat loss from the ocean 
to the atmosphere, and salt rejection to the underly- 
ing ocean can be up to two orders of magnitude larger 
over refreezing leads and polynyas, and up to an 
order of magnitude larger over 50 cm ice than over 
thick, perennial sea ice (Maykut, 1978; 1982). Our 
understanding of the role of sea ice in the climate 
system depends on  our ability to determine both the 
distribution of open water and sea ice, and also the 
distribution of ice thickness within the arctic ice pack. 
This capability is central to addressing the fundamen- 
tal problems of heat and mass balance of the Arctic. 

Satellite data from visible, infrared, and micro- 
wave sensors provide information on the global dis- 
tribution of sea ice and its seasonal variation; how- 
ever, the microwave radiometer has emerged as the 
sensor of primary importance for identifying many 
ice parameters. In contrast to visible and infrared 
measurements, microwave imagery allows nighttime 
as well as daytime coverage and is not obscured by 
clouds. Although the passive microwave observations 
are generally at a much coarser resolution (limited 
to about 30 km with existing sensors), they do provide 
complete polar coverage with as little as 1 day of 
data, and a quantitative determination of sea ice con- 
centration can be obtained even though individual 
floes and leads are not resolved (Swift and Cavalieri, 
1985). 

The potential inherent in microwave observations 
of sea ice is due to  the sharp contrast between the 
microwave emissivities of sea ice and open water. At 
1.55 cm (19.35 GHz), the wavelength of the single 
channel Nimbus-5 ESMR instrument, sea ice has 
emissivities ranging from 0.84 to 0.95, roughly twice 
the emissivity (approximately 0.44) for open water. 
Consequently, if there is a mixture of sea ice and open 
water within a given 30 km resolution cell, the com- 
posite emissivity for that resolution cell lies between 
these limits. This allows the brightness temperatures 
recorded by the microwave instruments to be con- 
verted to  approximate sea ice concentrations. Esti- 

mated accuracy is approximately f 15 percent in re- 
gions with predominantly first-year ice (Zwally et a/ . ,  
1983). Accuracy is less in regions with a mixture of 
ice types, since brine drainage through the ice during 
the summer melt results in a generally lower micro- 
wave emissivity for multiyear ice than for first-year 
ice. 

Measurements of the areal distribution of sea ice, 
or sea ice concentration, have been made quite suc- 
cessfully with passive microwave imagers (Zwally et 
ai., 1983; Parkinson e f  ai., 1986). However, deter- 
mining ice thickness has been more difficult. Ice 
thickness cannot be measured directly with passive 
microwave instruments, although it can be inferred 
from the age of the ice because changes which occur 
with ice age, such as the leaching of salt, affect the 
microwave signature. Algorithms using the multi- 
channel microwave data of the type obtained with 
the Nimbus-7 SMMR have been developed to ob- 
tain quantitative estimates of first year ice (ice of 
thickness up to 2 m) and multiyear ice (ice with 
thickness greater than 2 m) with success (Svendsen 
et al., 1983; Cavalieri et al., 1984; Swift et ai., 1985; 
Swift and Cavalieri, 1985; Comiso, 1986). However, 
variations in the signature of various species of mul- 
tiyear ice, and the inability to discriminate unambig- 
uously among multiyear ice types, remain a serious 
limitation. 

Multichannel microwave instruments not only 
have the potential of measuring ice concentration and 
thickness, but also of allowing determination of such 
additional variables as ice temperature, snow cover, 
and surface melting. The Scanning Multichannel 
Microwave Radiometer (SMMR) on the Nimbus-7 
satellite has 10 channels of microwave information, 
and algorithms to extract various sea ice parameters 
from the SMMR data have been developed and tested 
by groups in Norway, Canada, and the United States 
(Svendsen et al., 1983; Norsex Group, 1983; Cavalieri 
et al., 1984). A major restriction of the Nimbus-7 
SMMR data for studies of the Central Arctic has 
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been that the satellite's orbit prevents data collection 
poleward of 84", in contrast to the global data col- 
lection of the Nimbus-5 ESMR. But, even with the 
limited data sets available, passive microwave remote 
sensing has already made substantial contributions 
to our knowledge of sea ice and its variations. The 
current status of satellite passive microwave remote 
sensing for sea ice research has recently been reviewed 
(Untersteiner et al., 1984; Cavalieri and Zwally, 1985; 
Swift and Cavalieri, 1985). 

For sea ice, the parameters which need to  be 
measured are location of the sea-ice boundary, con- 

centration of ice, ice type, albedo, and the state of 
surface melting. The spatial requirements for these 
measurements exhibit a dual threshold. One set of 
useful observations is achieved at a spatial scale of 
25 km, which corresponds to the diurnal change in 
the gross extent of the ice boundary. The enhanced 
capabilities, which require resolutions of 1 to 10 km, 
represent the scale needed to monitor convergence 
and divergence processes that affect ice mass balance, 
hence the total production that determines heat ex- 
change into the atmosphere. These requirements have 
been summarized in Table 12. 

Table It. Summary of Measurement Requirements (Sea Ice) 

Ideal Adequate 

Frequency 10, 18, 37, 90 GHz 18, 37, 90 GHz 

Spatial resolution 

Ice boundary 5-25 km 25 km 

Concentration 1-10 km 25 km 

Type 1-10 km 25 km 

Albedo 1-10 km 10 km 

Surface melt 1-10 km 10 km 

Radiometric accuracy 2.0 K 2.0 K 

Radiometric sensitivity 2.0 K 2 . 0  K 

Revisit time 1 day 3 days 
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IV. SCIENCE OBJECTIVES: ATMOSPHERE 

BACKGROUND 

Temperature variation with height is a charac- 
teristic feature of the Earth’s atmosphere. A common 
way of describing the atmosphere in terms of layers 
and shells is based upon this temperature variation. 
The lowest of these layers is called the troposphere. 
It averages from 6 to 18 km in depth, depending on 
latitude and weather conditions, and is deepest over 
the equator and shallowest over the poles. It contains 
80 percent or so of the total gaseous mass of the at- 
mosphere and virtually all the water vapor and aero- 
sols. It is also the zone where weather phenomena 
and atmospheric turbulence are most marked. This 
layer is characterized by a general decrease of tem- 
perature with height at a mean rate of about 6.5 
K/km, and the whole zone is capped in most places 
by a temperature inversion level and in others by a 
zone which is isothermal with height. The tropo- 
sphere thus remains to a large extent self-contained, 
because the inversion acts as a ‘‘lid’’ which effectively 
limits convection. 

The ongoing studies of the troposphere are fo- 
cused on the development of an improved under- 
standing of the physical processes important in deter- 
mining the circulation of the atmosphere on all scales, 
ranging from the mesoscale to the global scale, and 
an improved capability to predict its evolution on a 
wide variety of temporal and spatial scales. The cur- 
rent tropospheric knowledge base for global and 
regional understanding and prediction is one that has 
evolved over the last half-century, accelerating in ac- 
curacy and scope over the past decade or so. The 
enhanced prediction accuracy, which has been at- 
tained in recent years, can be explained primarily as 
the result of improved three-dimensional (3-D) tem- 
perature input (from satellites) and wind information 
(satellite cloud-tracked and aircraft-measured), as 
well as improved numerical weather prediction 
(NWP) models. The range of useful prediction by 
models has increased from 4 to 7 or 8 days, and 4-day 
forecasts are now roughly of the same accuracy as 
2-day forecasts were 20 years ago. 

To further advance our current understanding of 
the nature of tropospheric processes, a combination 
of observational objectives and advances in theory 
and modeling must be realized. Progress will be most 
rapid if observations and theory advance concur- 
rently, and it is within such an integrated program 
that space-based measurements must be utilized to 
be effective. With this in mind, the primary scientific 
objectives for the observation of the troposphere 
from space over the next 10 to 15 years may be set 
forth with the help of a recent National Research 
Council (NRC) publication (1985). In order of prior- 
ity these objectives are as follows: 

1. (a) To obtain global data sets for atmospheric 
and surface parameters needed for the study 
and understanding of the internal and bound- 
ary forcing processes that maintain the atmo- 
spheric circulation. (b) To obtain temporally 
continuous global data sets of sufficient spatial 
density and accuracy to determine the large- 
scale structure of the troposphere. 

2. To obtain special high-resolution data sets to 
answer fundamental scientific questions con- 
cerning the generation, maintenance, propaga- 
tion, and decay of mesoscale atmospheric 
phenomena. 

The required data sets are for: (1) surface and at- 
mospheric wind, atmospheric temperature and hu- 
midity, wind stress over the oceans, and land and sea 
surface temperature; (2) precipitation and closely re- 
lated surface characteristics such as soil moisture, 
snow and ice cover, and vegetative biomass; (3) sur- 
face radiation and albedo, and radiation at the top 
of the atmosphere; (4) cloud characteristics including 
type, amount, height, temperature, liquid water con- 
tent, and radiative properties; and (5) sea level 
pressure. 

Microwave radiometric observations from space 
can provide data on atmospheric temperature and 
humidity, sea surface temperature, snow and ice 
cover, soil moisture, precipitation, vegetative 
biomass, and cloud liquid water content. All of these 
parameters, except atmospheric temperature and hu- 
midity and cloud liquid water content, have been 
dealt with in other parts of this report. 

The measurement of atmospheric temperature 
and humidity, along with wind and sea level pressure, 
represent the core measurements required to define 
the dynamic and thermal states of the troposphere. 
To determine the global atmospheric structure for 
large-scale dynamical systems and for weather fore- 
casting, observations of temperature and humidity 
are needed in three dimensions and at frequent in- 
tervals. Measurements of the 3-D distribution of 
temperature and humidity in the atmosphere are al- 
ready part of the ongoing World Weather Watch pro- 
gram (endorsed and overseen by the World Meteoro- 
logical Organization), but there are notable gaps over 
the oceans, and further improvements in reliability 
and accuracy are desirable. Optimal measurement 
systems are likely to make use of both microwave and 
infrared radiometers. The NWP models can be ex- 
pected to asymptomatically approach horizontal and 
vertical resolutions of nearly 100 km and 1 km, re- 
spectively, in the quest for improving the accuracy 
of medium range (1- to 14-day) forecasts. Economic 
factors and cost/benefit considerations make these 

30 



estimates valid within a factor of two. Data resolu- 
tion requirements are strongly related to model reso- 
lutions but are somewhat less stringent. In terms of 
atmospheric temperature and humidity measurement 
requirements, until the turn of this century global 
data coverage with horizontal and vertical resolutions 
of 200 and 2 km, respectively, seemed adequate. The 
National Research Council publication cited above 
recommends resolutions of 10 km in the horizontal 
and 1 km in the vertical. It further recommends that 
the measurement accuracies should be & 1  K for 
temperature and f 1 g/kg or & 10 percent for specific 
humidity. The temporal resolution is established by 
the time scales associated with atmospheric variability 
on these synoptic spatial scales; a minimum sampling 
interval of 12 hours is necessary in the case of atmo- 
spheric temperature and humidity. For mesoscale 
studies, the minimum necessary sampling interval and 
the horizontal and vertical scales of the measurements 
decrease significantly. Although the required data 
density (in both time and space) varies with the spe- 
cific phenomenon of interest, most field studies re- 
quire data about every hour on a horizontal scale of 
20 km and a vertical scale of 500 m. Even though 
these high resolution measurements are done most 
effectively with ground-based remote sensing sys- 
tems, a detailed knowledge of the synoptic-scale flow 
is essential, in virtually all mesoscale studies, to 
understand the complete scale-interaction problem. 

Measurements of surface atmospheric tempera- 
ture and humidity are needed in conjunction with the 
wind speed in order to  estimate the surface fluxes of 
sensible and latent heat. Surface temperatures appear 
also to be obtainable using combinations of infrared 
and microwave sounders. The accuracy desired is 1 
K for air-sea temperature differences or 10 W/m2 in 
the fluxes over 100-km spatial scales. Sea surface 
temperature, in addition to being an important pa- 
rameter in estimating surface energy fluxes, is in a 
more general sense a vital indicator of the oceanic 
mixed-layer heat storage. As such, it is frequently 
necessary to specify sea surface temperature as the 
lower boundary condition over the oceans for atmo- 
spheric models. Again, the measurement accuracy 
desired is 1 K at a 100 km resolution (or better in 
regions of oceanic fronts) over a period of 5 days, 
although with a daily sampling frequency. 

Clouds play a major role in the radiation balance 
of the Earth atmosphere system. Definitive climate 
studies will not be possible until cloud properties are 
more realistically incorporated in numerical global 
circulation models. Clouds are also important in 
many ways for mesoscale weather systems. The evo- 
lution of convective clouds and their interaction with 
their environment is one of the central problems of 
mesoscale meteorology. A second major problem is 
precipitation and the processes that determine its 
spatial and temporal distribution. Even thin layers 
of nonprecipitating clouds affect many mesoscale 
phenomena through their effect on the surface energy 
budget. Cloud liquid water content is an important 

cloud parameter that can be effectively measured by 
microwave radiometric methods. The NRC publica- 
tion cited earlier recommends that the cloud liquid 
water content be measured globally with a horizon- 
tal resolution of 200 km and a mean accuracy of 25 
percent. 

MEASUREMENT PHYSICS 

The brightness temperature, TB, seen by a micro- 
wave radiometer looking down on the Earth, can be 
written in the following succinct form (Schaerer and 
Wilheit, 1979; Meeks and Lilley, 1963): 

n 

TB(v) = T(h) K(v,h) dh + A 

where the Rayleigh-Jeans approximation has been 
used and where T(h) is the profile of the physical 
temperature of the atmosphere with height, h; where 
v is frequency of the measurement; A represents ad- 
ditional terms which are essentially independent of 
the temperature profile; and K(v,h) are kernels called 
the temperature weighting functions. The K(v,h) de- 
pend on the resonance near which the measurement 
is made but generally peak at a particular altitude, 
which depends on the frequency at which the mea- 
surement is made. By making measurements at sev- 
eral different frequencies, a set of equations is ob- 
tained which can then be inverted to obtain the 
temperature profile, T(h). A somewhat similar pro- 
cedure can be used to obtain profiles of the atmo- 
spheric constituents such as water vapor, except that 
in this case the weighting functions tend to be depen- 
dent on the parameter (e.g., water vapor) to be 
measured. However, algorithms for obtaining water 
vapor can be obtained using perturbation techniques 
(e.g., Schaerer and Wilheit, 1979). 

Profiling atmospheric temperature and water 
vapor at resonances in the microwave portion of the 
spectrum has the advantage that microwave radiation 
penetrates most forms of clouds so that profiling can 
be done on an all-weather basis. Microwave remote 
sensing also has the advantage, especially for mea- 
surements over oceans, that the surface is very cold 
(a good reflector). This enhances the signal-to-noise 
ratio and permits profiles to be obtained very near 
the surface where, especially in the case of water 
vapor, the most important information about the 
parameter is found. The disadvantage of profiling 
at microwave frequencies as compared to infrared 
systems is that one obtains poorer spatial resolution 
on the surface for a given size antenna aperture. 
Microwave systems with resolutions approaching 15 
km are now practical from low Earth orbit. 

MEASUREMENT REQUIREMENTS 

The performance required of a passive microwave 
sounder of the atmosphere to  meet future needs for 
atmospheric temperature and humidity profiles is 
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listed in Table 13. Notice that in order to  obtain ac- 
curate measurements, corrections must be made for 
opacity due to moisture in the atmosphere and at- 
tenuation and scattering due to ice and rain. Ancillary 

channels near 21, 37, and 90 GHz can be used for 
this purpose for temperature soundings and addi- 
tional channels at 90 and 160 GHz are helpful for 
profiling water vapor. 

Table 13. Summary of Measurement Requirements (Atmosphere) 

Ideal Adequate 

Temperature Profiles 

Frequency 50-60* GHz 50-60 GHz 

Resolution (horizontal) 10 km 100 km 

Resolution (vertical) 500 m 2 km 

Accuracy k l  K k1 K 

Radiometric sensitivity 0.3 K 0.3 K 

Radiometric accuracy 1.0 K 1.0 K 

Temporal resolution 1 per hour 2 per day 

Humidity Profiles 

Frequency 183** GHz 183 GHz 

Resolution (horizontal) 10 km 100 km 

Resolution (vertical) 500 m 2 km 

Accuracy 

Radiometric sensitivity 0.8 K 0.8 K 

Radiometric accuracy 2.0 K 2.0 K 

Temporal resolution 1 per hour 2 per day 

*Plus ancillary channels a t  21, 37, and 90 GHz for atmospheric corrections 
**Plus ancillary channels at 90 and 160 GHz for atmospheric corrections 
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V. THE HMMR INSTRUMENT 

INTRODUCTION 

The preceding chapters have described the most 
important measurements which a microwave radi- 
ometer would contribute to the Earth Observing 
System. A passive microwave sensor would further 
the understanding of the hydrologic cycle by pro- 
viding data on soil moisture, precipitation, evapora- 
tion, and snow cover; it would provide important in- 
formation about the troposphere by providing pro- 
files of atmospheric temperature and water vapor in 
cloudy regions where gaps are found in existing in- 
frared soundings; a microwave radiometer could pro- 
vide maps of sea surface temperature and would pro- 
vide much of the information about sea ice needed 
to understand its dynamics and its effect on energy 
exchange processes in the polar regions; finally, a 
microwave sensor can provide the information on 
total water vapor needed to determine atmospheric 
opacity and correct the measurements of other in- 
struments for the effects of atmospheric attenuation. 

The preceding chapters have also identified the re- 
quirements that measurements of these quantities 
must meet if a data set is to be obtained which is ade- 
quate to advance our understanding of the environ- 
ment. These requirements are summarized in Table 
14. The Table shows the frequencies at which micro- 
wave measurements are needed to observe each 
parameter, the spatial resolution with which the data 
must be collected, and the accuracy required of the 
radiometer. The rationale for these requirements has 
been set forth in the preceding chapters. 

From this list of measurement requirements, the 
Panel has deduced a set of specifications for the 
HMMR instrument. These specifications are given 
in Table 15. The specifications represent a com- 
promise between future needs for scientific data 
under ideal circumstances and the Panel’s assessment 
of what can feasibly be built and put into space within 
the next decade. The specifications are a set of 
realistic engineering design requirements. A radi- 
ometer system which meets these specifications would 
provide data of sufficiently high quality to  signifi- 
cantly improve our understanding of the Earth’s en- 
vironment, and in many cases, the data will approach 
the scale size of the fundamental geophysical pro- 
cesses which drive the Earth’s environment. 

The consensus of the Panel was that the most ef- 
fective approach to meet the requirements set forth 
above was to divide HMMR into three independent 
but related instruments, each performing a specific 
subset of the necessary observations. This approach 
permits a cost-effective, gradual phasing into opera- 
tion of the complete HMMR capability and makes 
maximum use of existing developments. The three 
instruments and their primary measurements are: 

The Electronically Scanned Thinned Array 
Radiometer (ESTAR) 

- Soil moisture 

The Advanced Mechanically Scanned Radi- 
ometer (AMSR) 

- Precipitation 

Table 14. Summary of Measurement Requirements 

Parameter 

Soil moisture 

Precipitation 

Sea ice 

Snow 

Sea surface temperature 

Total water vapor 

Water vapor profile 

Temperature profile 

- 
10 
- 

X 

X 

X 

Frequency 
(GHz) 

- 
18 
- 

X 

X 

X 

X 

X 

- 
21 
- 

X 

X 

X 

X 
- 

X 

X 

X 

X 

X 

X 
- 

- 
50-60 

X 
- 

33 

- 
90 
- 

X 

X 

X 

X 

X 
- 

- 

183 
- 

X 

- 

Radiometer 
(K) 

Accuracy 

1.5 

2.0 

2.0 

2.0 

1 .o 
2.0 

2.0 

1.5 

Sensitivity 

1 .o 
2.0 

2.0 

2.0 

0.5 

0.5 

0.8 

0.3 

Spatial Resolution 
(km) 

Ideal 

1 

1 

1-10 

1 

1-10 

10 

10 

10 

Adequate 

10 

10 

25 

10 

10-50 

100 

100 

100 



Table 15. HMMR Requirements 

Frequency Spatial Resolution Accuracy Sensitivity 
(GHz) (km) (K) (K) 

1.4 

6 

10 

18 

21 

37 

50-60 

90 

183 

10 

25 

15 

8 

8 

4 

<loo 

2 

<loo 

1.5 

0.3 

0.3 

1.5 

1.5 

1.5 

1 .o 
1.5 

2.0 

1 .o 
0.5 

0.1 

1 .o 
1 .o 
1 .o 
0.5 

1 .o 
1 .o 

- Snow cover 
- Sea ice 

Inheritance from successfully flown in- 
struments (SMMR, ESMR, NEMS, SCAMS) 
Inheritance f rom instrument concepts 
developed in some depth (LAMMR) 
Applicability of state of the art concepts, such 
as electronically steered phased arrays and 
thinned arrays, and hardware such as large 
space structures and integrated microwave 
receivers, where necessary to meet the re- 
quirements in a practical manner 

- Water vapor (total) 
- Sea surface temperature and wind speed 

The Advanced Microwave Sounding Unit 
(AMSU) 

- Temperature profiles 
- Water vapor profiles 

Instrument Characteristics Summary 
The key HMMR instrument characteristics are 

summarized in Table 16. The tabulated values for 
ESTAR are based on preliminary conceptual studies; 
for AMSR they were obtained from detailed imple- 
mentation proposals prepared for the NOSS Large 
Aperture Multifrequency Microwave Radiometer 
(LAMMR) by Aerojet Electrosystems Company (re- 
port #6069, February, 1980) and by General Electric 
Space Division (February, 1980), and for AMSU the 
specifications were taken from the contract written 
with Aerojet Electrosystems Company for its 
development. 

Instrument Selection Rationale 

on consideration of the following factors: 

described in Butler et al. (1984) 

development (SSM/I, SSM/T, AMSU) 

Selection of the HMMR instruments was based 

Science and Mission Requirements for Eos, as 

Applicability of instruments already under 

The complex of three HMMR instruments which 
followed from consideration of the above factors has 
the following features: 

Each instrument is capable of making at least 
one definitive measurement (i.e., has demon- 
strated superiority over other types of remote 
sensors). These capabilities are summarized in 
Table 17. 
One of the three instruments is nearing im- 
plementation (AMSU). This would allow low- 
cost duplicates to be procured immediately with 
high cost-effectiveness and low risk. 
One of the instruments, AMSR, is functionally 
a direct descendant of the Nimbus/Seasat 
SMMR. It has been studied in depth as part 
of planning for the NOSS program and is 
technically a relatively low risk. 
One of the instruments, ESTAR, although 
utilizing novel concepts requiring development, 
appears to be the most cost-effective manner 
of obtaining the very challenging soil moisture 
measurement. Development of this instrument 
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Table 16. HMMR Measurement Characteristics 

Parameter ESTAR AMSR AMSU-A AMSU-B 

Frequencies (GHz) 

Wavelengths (mm) 

Antenna size (m) 

IFOV (km) 

Swath (km) 

AT (K) 

Data rate (kbps) 

Instrument size (m) 

Power (W) 

Weight (Kg) 

1.4 

212 

18 x 18 

10 

1,400 

1 .o 
5 

1 8 ~ 1 8 ~ 0 . 5  

200 

350 

6, 10, 18, 
21, 31, 90 

50, 28, 16, 
14, 8.2, 3.3 

4 x 7  

25 to 2 

1,400 

0.4-1.7 

50 

6 x 8 ~ 4  

250 

3 50 

23.8, 31.4 
50-60 (12 Ch), 89 

12.6, 9.6 
5.5 (12 Ch), 3.4 

0.15, 0.28 

50 

1,500 

0.25-1.3 

5 

1.5 x 1 x 1 

115 

64 

89, 157, 
183 (3 Ch) 

3.4, 1.8, 
1.6 (3 Ch) 

0.28 

15 

1,500 

1.0-1.2 

5 

0.7 x 0.7 x 0.5 

60 

30 

Table 17. HMMR Measurement Capability 

Parameter ESTAR AMSR AMSU-A AMSU-B 

Hydrologic Cycle 

Evaporation (land)* B B 
Evaporation (ocean)* A 
Soil moisture A 
Sea surface temperature B 
Snow A 
Precipitation (ocean) A 
Precipitation (land) A 

Oceanic Science 

Ocean dynamics 
Sea ice 

Tropospheric Science 

Temperature profile 
Water vapor (total) 
Water vapor (profile) 
Cloud water 

C 
A 

A 
A A A 

A 
B B 

Code: A = Definitive Measurement 
B = Significant Measurement 
C = Contributing Measurement 

*Evaporation is an inferred quantity. It requires measurement of supporting geophysical paraineters by 
HMMR and other Eos instruments. 
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TEMPERATURE (X) 

\-:. 
will also provide the experience necessary for 
development of larger, more sophisticated in- 
struments for other applications in the future. 

It is to  be noted that the HMMR concept, as 
described here, is functionally optimized to meet the 
scientific measurement requirements (Table 14) and 
represents a technically sound potential implemen- 
tation. In the case of ESTAR and AMSR, other 
possible implementations meeting the requirements 
and yielding similar performance characteristics are 
possible and deserve to be studied. 

ELECTRONICALLY SCANNED 
THINNED ARRAY RADIOMETER 
The spatial resolution of a filled aperture antenna 

is proportional to the ratio of the operating wave- 
length to  the antenna diameter. The measurement of 
soil moisture requires a long electromagnetic wave- 
length (21 cm), hence a large antenna to achieve the 
desired spatial resolution of 10 km. From an orbiting 
altitude of 700 km the required antenna is approxi- 
mately 18 meters by 18 meters. Even if one were to 
construct an antenna of this size in space, mechanical 
scanning is not attractive due to the mass of the mov- 
ing structure. Another approach is a “pushbroom” 
mode, whereby multiple receivers and a feed network 
are used to illuminate several crosstrack pixels 
simultaneously. A four-beam microwave pushbroom 
concept has been demonstrated from an aircraft us- 
ing four identical receivers with a multiple beam 
antenna; however, it is a technical challenge to con- 
struct such a system using several hundred identical 
receivers as would be necessary for application in 
space. The problem is further complicated by the 
large swath widths required to obtain global coverage 
(about 1,400 km with presently planned orbits). 

In order to achieve high resolution L-band mea- 
surements in space at reasonable cost, the Panel ex- 
amined the possibility of employing the concept of 
aperture synthesis as successfully developed in radio 
astronomy. 

Aperture synthesis involves coherently measuring 
the signal from pairs of antennas at many different 
spacings. The concept is illustrated in Figure 11. Im- 
agine two antennas L meters apart receiving radiation 
from a portion of the Earth with a surface tem- 
perature, T(x), which is to be measured. The voltages 
out of each antenna are coherently multiplied to- 
gether (i.e., both phase and amplitude information 
are preserved) and the product is averaged. A device 
which makes such a measurement is called a corre- 
lating interferometer (Kraus, 1966) and the signal 
which is the output of the interferometer is called the 
spatial correlation function of the antenna voltages. 
It is readily shown (e.g., Le Vine and Good, 1983; 
Swenson and Mathur, 1968) that the correlation 
function is proportional to the spectrum (i.e., Fourier 
transform) of the temperature profile T(x) evaluated 

x 
W‘ 
0 z 
2 
v, a 

V(vx)= SPECTRUM OF T(X) 
AT  FREQUENCY 

v x =  T v  L 

\ 

I 

FREQUENCY, v x  V 
W a 
v) 

Figure 11. The principles of aperture synthesis. T(x) is the 
temperature profile on the surface and V(v , )  is the correla- 
tion of the antenna voltages when the antennas are spaced 
L meters apart, corresponding to a spatial frequency u X .  

at a particular frequency v, = L v,/c, where L is 
the distance between antennas, c is the speed of light 
in vacuum, and y o  is the nominal frequency at 
which the measurement is made. Since v, depends 
on the spacing between antennas, the spectrum of 
T(x) can be measured at many points, v, ,  simply by 
repeating the measurement with different L. In prin- 
ciple, one could make measurements at many dif- 
ferent antenna baselines, L, and obtain a map of the 
spectrum. Then, the temperature profile itself, T(x), 
could be obtained by Fourier transforming the spec- 
trum. The important point for aperture synthesis is 
that the resolution obtained in the image formed after 
Fourier transforming is determined by how well the 
spectrum has been sampled (i.e., by the number and 
spacing of the sample points, V J  and not by the size 
of the antennas used in the measurement. In princi- 
ple, one could use very small antennas to obtain a 
wide field-of-view, and by making many measure- 
ments closely-spaced in spatial frequency space ob- 
tain a map of T(x) with very high spatial resolution. 

Aperture synthesis has been successfully im- 
plemented on the Earth by radio astronomers for 
making high resolution maps of radio sources 
(Brouw, 1975; Hewish, 1965). The Very Large Array 
in Socorro, New Mexico, is an example (e.g. Napier 
et a/ . ,  1983). A variation of aperture synthesis for 
viewing the Earth from space has been proposed by 
Schanda (1979); Carl Wiley and co-workers at 
Hughes Aircraft Company have demonstrated other 
variations which may be suitable for implementation 
in space; and Le Vine and Good (1983) have shown 
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how the theoretical issues of viewing a large extended 
source (the Earth) from relatively nearby can be suc- 
cessfully overcome. However, in order for aperture 
synthesis to  be practical from low Earth orbit, it is 
necessary to form images with good spatial resolution 
and high sensitivity in the relatively short times per- 
mitted for observation by satellite motion. This led 
the Panel to a hybrid concept in which long stick 
antennas are used to  form a real aperture in the 
along-track dimension, and aperture synthesis is used 
to obtain resolution in the crosstrack dimension. This 
hybrid would result in an order of magnitude reduc- 
tion in the antenna needed in space to  make soil 
moisture measurements. 

Figure 12 illustrates this hybrid system. It consists 
of an array of long (stick) antennas each with a real 
aperture (fan beam pattern) oriented to give resolu- 
tion in the direction of satellite motion. In the other 
dimension (across-track), resolution is obtained with 
aperture synthesis by connecting pairs of the stick 
antennas together to form a collection of correlating 
interferometers. The number and placement of the 
sticks is determined by the sampling in the frequency 
domain needed t o  obtain the desired synthesized 
antenna pattern. Arrangements which employ the 
minimum number of antennas to obtain a desired 
sampling in the frequency domain are generally re- 
ferred to as minimum redundancy thinned arrays 
(e.g. Moffet, 1968). 

The hybrid shown in Figure 12 can make images 
with sufficient sensitivity to measure changes in soil 
moisture in the short time permitted by motion of 
the satellite. A configuration of this type is being pro- 
posed for the L-band radiometer to measure soil 
moisture as part of HMMR. To obtain an idea of 
how such a system would perform, a preliminary 
design has been made assuming a system in orbit at 
700 km and operating at 1.4 GHz with stick antennas 
18 m long. Such a system would have a resolution 
at nadir of 10 km, a swath width of 1,400 km, and 
a sensitivity of 0.7 K. Table 18 lists the parameters 
of the system and the formulas used to evaluate its 
performance. Notice that the sensitivity A T  in the 
Table is the fluctuation in brightness temperature in 
the final image (i.e., after all signal processing is com- 
plete). Also, in the equation for sensitivity, “A” is 
the effective area (18 m x 18 m in the system above) 
of a real aperture antenna with the same spatial 
resolution as obtained with the synthesized antenna, 
“a” is the area of the individual real aperture anten- 
nas employed in the array, and “n” is the number 
of antennas in the array. This formula is the same 
as that employed in radio astronomy (e.g., Napier 
et al., 1983). 

The 32 stick antennas employed in the system can 
be arranged to be equivalent to 256 antennas uni- 
formly spaced in the array (e.g., using the algorithms 
of Moffet (1968) or Leech (1956)). 

Each antenna is deployed with coincident element 
fan beams projected crosstrack to the velocity vector 
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Figure 12. The ESTAR concept. The long stick antennas 
are aligned in the direction of motion to give real aperture 
resolution along the satellite ground track. Resolution 
across-track is obtained synthetically through signal 
processing. 

of the satellite as shown in Figure 12. The ESTAR 
consists of these antenna sticks and an associated 
matrix of correlating receivers. The system above has 
been designed to operate within the radio astronomy 
band centered at about 1.4 GHz (21 cm) and would 
have a minimum spacing between antenna elements 
of approximately one-half wavelength. 

Table 18. ESTAR Specifications 
and Performance 

Specifications: 

Wavelength (A) 
Antenna length (D) 
Antenna width (d) 
Orbit altitude (H) 
Satellite speed (V) 
Receiver bandwidth (B) 
System noise temperature (T) 
Number of antennas (n) 
Integration time (t) 

21.23 cm 
18 m 
10 cm 
700 km 
7.5 km/s 
20 MHz 
300 K 
32 
0.5 

Performance: 

Resolution (10 km) 
Swath width* (1,400 km) 
Sensitivity (0.7 K) ( T / m )  (A/na) 

1.2 (WD) H 
(X/d) H 

*Determined by the beam of each real antenna aperture. 
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The detailed physical characteristics of the 
ESTAR, such as power and weight, require further 
study. Research is needed to determine the optimum 
configurations for implementing the array and to 
determine techniques for calibration of the radi- 
ometer. This is new technology which has never been 
applied to Earth viewing; consequently, construction 
of a small prototype instrument for testing from an 
aircraft should be seriously considered. 

It is expected that calibration of the ESTAR will 
proceed very much as calibration is performed for 
synthesis arrays in radio astronomy. Reference 
sources on board the spacecraft will be needed for 
an absolute calibration, as well as schemes for en- 
suring phase consistency of the local oscillators at the 
various mixers. The ocean will provide a potential 
reference source at this frequency (1.4 GHz) to aid 
in calibration, and sharp boundaries (e.g., ocean-land 
boundaries) can be used to  help "focus" the image. 
In a synthesis array, processing can be done after the 
measurement by weighing the measurements at the 
different spacings. Trade-offs can be made between 
processing algorithms and antenna placement. This 
provides both a potential flexibility in the placement 
of the elements in the array (e.g., to  accommodate 
spacecraft configuring) and as a tool to improve the 
image once the antenna placements have been made. 

ADVANCED MECHANICALLY 
SCANNED RADIOMETER 

The AMSR is envisioned as an instrument which 
combines the advantages of multifrequency micro- 
wave remote sensing with sufficiently high spatial 
resolution to provide measurements approaching the 
geophysical scale of the observable. The AMSR is 
envisioned to include channels at approximately 6 ,  
10, 18, 21, 37, and 90 GHz, each with dual (linear) 
polarization. Measurements at various combinations 
of these frequencies permit data to be obtained on 
the amount of precipitation over oceans (18 and 37 
GHz) and possibly over land (18, 37, and 90 GHz); 
on the amount of snow cover over land (37 and 90 
GHz); on the areal extent and characteristics of sea 
ice (10, 18, 37, and 90 GHz); on the total amount 
of water (cloud water and water vapor) in the atmo- 
sphere (21 GHz); and finally, at the lower frequencies 
(6 and 10 GHz), information to  be obtained on sea 
surface temperature and wind speed at the ocean sur- 
face. The primary geophysical measurements and the 
resolution to be provided by AMSR are given in 
Table 19. 

Among the alternative means of implementing the 
system of radiometers required to make the measure- 
ments described above, the HMMR Panel selected 
a concept in which a large solid antenna dish is con- 
ically scanned to obtain wide swath coverage. By tilt- 
ing the antenna and rotating it about the vertical, the 
footprint of the antenna beam is made to describe 

a circle on the surface (Figure 13). The motion of the 
spacecraft displaces successive circles, and by proper 
choice of the scan rate for a given incidence angle, 
antenna size, and satellite velocity, one can align the 
circles to  obtain complete coverage of the swath be- 
low the spacecraft. In order to keep the scan rate 
reasonable, multiple beams are employed at the 
higher frequencies. This concept has the advantage 
that the zntenna feed system can be rotated with the 
main reflector preserving polarization purity and 
making calibration easier. Also, using a solid antenna 
dish reduces noise and improves sensitivity. 

This concept has been thoroughly examined dur- 
ing a series of design reviews for the Large Aperture 
Multifrequency Microwave Radiometer (LAMMR) 
during planning for a Seasat follow-on mission 
(NOSS). The engineering studies by Aerojet Electro- 
systems Co. (1980) and General Electric (1980) in- 
dicated that a system such as the above is feasible 
with antennas as large as can be fitted into the shut- 
tle cargo bay and with rotation rates approaching one 
per second. The following specifications are based 
on these design studies. 

The AMSR will consist of a 4 x 7 m dish which 
is rotated to obtain a conical scan with the antenna 
beam pointing at 50" incidence angle. The scan rate 
is 60 rpm, which provides contiguous coverage of a 
1,400 km wide swath with resolution ranging from 
20 km at 6 GHz to 1.5 km at 90 GHz from an altitude 
of 700 km. Because the antenna footprints are much 
smaller at 37 and 90 GHz than at the lower frequen- 
cies, radiometers at these frequencies will use multi- 
ple feeds to obtain contiguous scans at this rotation 
rate. (The option of using multiple feeds at the lower 
frequencies is a way of reducing the rotation rate and 
should be examined as a way of potentially reducing 
the cost.) The feed assembly is designed to rotate with 

; I '  
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1 

\ 
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Figure 13. The AMSR will conically scan with the antenna 
pointing at SO" from the normal and rotating at 60 rpm. 
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Table 19. AMSR (Advanced Mechanically Scanned Radiometer) 

At the top this Table lists the six frequencies at which the AMSR makes measurements and the spatial resolution and sensitivity of 
these measurements. Listed below are the major geophysical parameters which can be deduced from these measurements. The Table 
indicates data which is important for determining each parameter using the following code: 0 = Critical; 0 = Important; 0 = Helpful. 

the dish to  maintain polarization purity and to im- 
prove beam efficiency and make calibration easier. 
The radiometers are to be total power radiometers 
with predetection band widths greater than 100 MHz. 

Table 20 lists the performance characteristics of 
the radiometers and Figure 14 is a schematic of a 
representative receiver channel. Figure 15 is a sche- 
matic of the antenna-feed system, as deployed in 
space, and Figure 16 shows how the system would 
be stowed for shuttle launch and then opened into 
a focal point feed system once in orbit. The entire 
system would weigh approximately 700 pounds and 
require an average of about 250 watts of power. The 
data rate, assuming that all the above measurements 
are made simultaneously, is still less than 50 kbits/ 
sec . 

Engineering studies have verified that rotating this 
large structure at these high rates is structurally feasi- 
ble. Even larger antennas could conceivably be han- 

I 

I 

I 

I 
I 

dled; however, the antenna size is presently limited 
by the shuttle cargo bay capacity. A deployable aper- 
ture (e.g., an unfurlable umbrella) would permit 
larger apertures but would increase costs and would 
likely compromise the quality of the data because of 

I 

I 
the impact of losses in the mesh on sensitivity and 

I calibration. 
I 
I 

The specific concept recommended for AMSR has 
been motivated in part by consideration for the 
calibration of the instrument. Among the relevant 
features are: (1) independent receivers to  be used with 

each channel (polarization and frequency) and, (2) 
the entire antenna-receiver assembly is to  rotate as 
a unit. The latter maintains the polarization purity 
of the system because the receiver-antenna geometry 
never changes. The polarization purity is further en- 
hanced by the rotation because each channel always 
views the ground at the same angle of incidence as 
well as with the same polarization relative to the 
ground. These choices are motivated by experience 
gained with the SMMR, a microwave imager cur- 
rently still in orbit. These system requirements should 
eliminate the calibration difficulties encountered with 
the SMMR. A similar system (rotating antenna- 
receiver assembly) is being implemented in the design 
for the SSM/I. 

ADVANCED MICROWAVE 
SOUNDING UNIT 

The AMSU is a 20 channel microwave radiometer 
system designed to measure profiles of atmospheric 
temperature and humidity. The channels selected for 
the AMSU system are shown in Figure 17 relative to  
the spectral characteristics of the atmosphere in the 
microwave region. The AMSU is being designed to  
be used aboard the NOAA series of spacecraft and 
for engineering considerations is being implemented 
as two separate subsystems AMSU-A (channels 1 t o  
15) and AMSU-B (channels 16 to  20). 
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Table 20. AMSR Performance 

X 
3 
z 

5 n 

Frequency (GHz) 

Polarization 

Radiometric accuracy (K) 

Sensitivity, AT (K) 

Dynamic range (K) 

Integration time (ms) 

Bandwidth (GHz) 

3db Beamwidth (degrees) 

Spatial resolution (km) 
(spot size diameter determined 
by 3db beam) 

1 

n 

6 

V and H* 

0.5 

0.15 

3-350 

3 .O 

0.2 

0.9 

18.0 

I- 

10 

V and H 

1 .o 
0.8 

3-350 

1.6 

0.1 

0.5 

10.0 

18 

V and H 

1.5 

1.5 

3-350 

1.6 

0.1 

0.3 

6.0 

21 

V and H 

1.5 

1.5 

3-3,500 

1.6 

0.1 

0.25 

5.0 

37 

V and H 

1.5 

0.5 

3-350 

1.6 

0.5 

0.15 

3.0 

90 

V and H 

2.0 

1 .o 
3-350 

1.6 

1 .o 
0.08 

1.5 

~~ 

*V = vertical; H = horizontal. 

The channels have been chosen to obtain accurate 
profiles of temperature and humidity (water vapor). 
Channels 3 to 14, which are situated on the low fre- 
quency side of the oxygen resonance band (50 to 60 
GHz), are used for atmospheric temperature sound- 
ing. Successive channels in this band are situated at 
frequencies with increasing opacity (attenuation 
through the atmosphere) and therefore respond to 
radiation from increasing altitudes. Temperature pro- 
filing is possible because the mixing ratio of oxygen 
in the atmosphere is relatively constant and the line 
shape changes with pressure. Channel 1 is located on 

the first (weak) water vapor resonance line. It is used 
to obtain estimates of total water vapor in the atmo- 
sphere. (Water vapor is the primary source of atmo- 
spheric attenuation in the non-resonant regions of the 
microwave spectrum (Figure 17) and the total water 
vapor is used to correct measurements for effects of 
the intervening atmosphere.) Channel 2 is at 31 GHz 
in the valley between the oxygen and water vapor 
resonances. Microwave radiation at this frequency 
is absorbed strongly by precipitation, and this chan- 
nel is used to indicate the presence of rain in the field- 
of-view of the sensor over oceans. Channel 15 
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Figure 15. The AMSR as it would look deployed in space. 
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Figure 16. The AMSR in the stowed position for launch by the shuttle. 
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Figure 17. Oxygen and water vapor lines and AMSU channel frequencies. 

(AMSU-A) and channel 16 (AMSU-B) are both at 
89 GHz and are also used to indicate precipitation. 
At 89 GHz microwave radiation scatters from ice par- 
ticles (frozen hydrometeors) in the atmosphere and 
can be used to indicate rain (Spencer et al., 1983). 
Channels 18 to 20 are spread symmetrically down 
both sides of the strong water vapor resonance line 
at 183 GHz, and channel 17 is located far off the 
resonance line at  157 GHz. Channels 17 to 20 with 
input from channel 16 and channels 1 and 2 from 
AMSU-A are used to  obtain profiles of atmospheric 
humidity (water vapor). 

The unique advantage of the Advanced Micro- 
wave Sounding Unit over other (i.e., infrared) 
sounders is its ability to penetrate most types of cloud 
cover and, therefore, to obtain soundings in meteoro- 
logically active regions. Because of the additional 
channels, it also will be able to sound at higher al- 
titudes and with better resolution near the tropopause 
than its microwave predecessors. 

AMSU-A 
The AMSU-A is the module of the Advanced 

Microwave Sounding Unit designed primarily to ob- 
tain profiles of atmospheric temperature (channels 

1 to  15). It  will obtain temperature soundings from 
the surface up to an altitude of 40 km with accuracies 
of about 1 to 1.5 K except near the surface. The an- 
cillary channels of the AMSU-A (channels 1, 2, and 
15) can also be used to sense total water vapor in the 
atmosphere (channel l),  precipitation over oceans 
(channels 2 and 15), and provide some information 
on sea-ice type and coverage (channels 2 and 15). 

The AMSU-A antennas will scan across-track and 
have a beam width of 3.3 O (half power points) at each 
frequency. The scan will cover about 50" on both 
sides of the suborbital track, a swath wide enough 
to yield global coverage every 12 hours with two 
satellites in polar orbit. The time per scan line is 8 
seconds, providing full coverage along the ground 
track with 30 contiguous resolution cells per scan line 
and a resolution (at nadir) of about 50 km (assum- 
ing an altitude of 825 km). 

In order to obtain the combination of high spatial 
resolution and large swath width required of AMSU- 
A, radiometers with high sensitivity and good calibra- 
tion accuracy are required. Total power radiometers 
will be used with in-flight calibrations (through-the- 
antenna) once every scan line. The in-flight calibra- 
tion circuit consists of a surface at ambient tempera- 
ture (warm load) and the cosmic background (cold 
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load). In addition to  careful pre-flight calibration, 
the systematic error will be reduced by end-to-end 
calibration using co-located radiosondes for the 
tropospheric channels. Comparison of zonal mean 
radiances with measurements from other space in- 
struments and co-located rocket measurements, plus 
interchannel consistency checks of in-flight calibra- 
tion, will be carried out to verify calibration accuracy 
of the stratospheric channels. 

Table 21 is a summary of the performance char- 
acteristics required of AMSU-A listing frequency, 
bandwidth, temperature sensitivity, etc. The polariza- 
tion of the measured radiation is determined by the 
receiving antenna. For engineering reasons, the 
polarization vector is allowed to rotate with the 
antenna during the scan. The polarization angle is 
equal to the complement of the scan angle as mea- 
sured from nadir. 

Channels 1 to 9, except for channel 8, contain one 
pass band each. Channel 8 was split into two bands 
to avoid the weak oxygen line, 25-. Channels 4 to 
9 (except 8) are situated on the “valley” points be- 
tween two oxygen lines where the opacity as a func- 
tion of frequency is a local minimum. These frequen- 
cies provide the smallest broadening of the channel 
weighing function halfpower widths. Channels 10 to 
14 are tropospheric channels, ranging from 20 to  40 
km in altitude, whose pass bands are situated sym- 
metrically about the “valley” point between oxygen 
lines 13- and 11-  with increasing opacity up both 
sides of these lines. Hence, each channel senses a 
layer of atmosphere at increasingly higher altitudes. 

Table 21. 

The multiplicity of pass bands of these channels 
serves to improve the signal-to-noise ratio of the 
measurement and is needed because the line widths 
are relatively narrow. 

Because of the relatively wide spread in frequen- 
cies and because a uniform beam width of 3.3 O is re- 
quired for every channel, the AMSU-A may require 
three separate reflector antennas, one with a pro- 
jected aperture diameter of 28 cm for channels 1 and 
2, and two others with apertures of 15 cm for the 
remainder of the channels. 

The AMSU-A instrument will consist of two 
modules approximately 76 x 61 x 30 cm and 91 x 
43 x 70 cm in size, weighing 64 kg and requiring 1 15 
watts of power. 

AMSU-B 
The AMSU-B is the module of the Advanced 

Microwave Sounding Unit designed to obtain pro- 
files of atmospheric humidity. It will obtain humidity 
soundings up to 40 km altitude with accuracies es- 
timated to be 5 to  15 percent of saturation. 

The humidity channels (16 to 20) all will have a 
beam width of 1.1 O, which at an altitude of 825 km 
will yield a resolution of 15 km at nadir. The scan 
is across-track and f 50 O to  either side of nadir. This 
yields global coverage every 12 hours with two satel- 
lites in polar orbit. The time per scan line is 2.67 
seconds, which will provide full coverage of the swath 
with 90 contiguous resolution cells per scan line. As 
in the case of AMSU-A, total power radiometers will 

AMSU-A 

Center Absolute 

Accuracy Sensitivity 

(K) (K) 

Center Number Maximum Frequency Temperature Calibration Channel 
Number Frequency of Pass Bandwidth Stability 

(MH.4 ( G W  Bands WH-4 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 

13 

14 

15 

~ ~~ 

23.9 
31.4 
50.3 
52.8 
53.596 f 0.115 
54.4 
54.94 
55.5 
57.29 
57.29 f 0.217 
57.29 f 0.322 
57.29 f 0.048 
57.29 f 0.322 
57.29 f 0.022 
57.29 f 0.322 
57.29 f 0.010 
57.29 f 0.322 
57.29 k 0.004 
89.0 

~ 

1 
1 
1 
1 
2 
1 
1 
1 
1 
2 
4 

4 

4 

4 

1 

~ 

270 
180 
180 
400 
170 
400 
400 
330 
330 
78 
36 

16 

8 

3 

6,000 

10.0 
10.0 
10.0 
5.0 
5.0 
5.0 
5 .O 

10.0 
0.5 
0.5 
0.5 

0.5 

0.5 

0.5 

50.0 

0.30 
0.30 
0.40 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.40 
0.40 

0.60 

0.80 

1.20 

0.50 

2.0 
2.0 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

1.5 

1.5 

1.5 

2.0 
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be used with calibration procedures similar to those 
used for AMSU-A. Table 22 summarizes the essential 
characteristics and performance required of AMSU- 
B. Notice that channel 16 of AMSU-B has the same 
frequency as channel 15 of AMSU-A. The difference 
between the two channels is the beam width which 
is much larger in the case of AMSU-A. As in the case 
of AMSU-A, the polarization angles of channels 16 

and 17 are also rotating with the scan angle. The 
polarization of the remaining channels is arbitrary 
in order t o  facilitate the antenna engineering. 

The AMSU-B unit will be about 65 x 64 x 50 
cm in size, 30 kg in weight, and will consume 60 watts 
of power. The AMSU-B will have only one antenna 
(a reflector) which will have a projected aperture 
(diameter) of 28 cm. 

Table 22. AMSU-B Channel Characteristics 

Center Absolute 

Accuracy 
(K) 

Temperature Calibration 
Channel Frequency Pass Number Bands Of Bandwidth Frequency Stability Sensitivity Number 

Center 

(K) ( M W  (GHz) ( M W  

16 89.0 1 6,000 50 0.60 2.0 

17 157.0 1 4,000 50 0.60 2.0 

2.0 0.80 18 183.31 k 1.00 2 1,000 30 

2.0 0.80 19 183.31 k3.00 2 2,000 30 

2.0 0.80 20 183.31 k7.00 2 4,000 30 
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VI. RELATIONSHIP TO OTHER INSTRUMENTS 

SYNERGISM WITH OTHER Eos 
INSTRUMENTS 

The information provided by the HMMR can in 
many instances be improved when made in conjunc- 
tion with other sensors. Some areas in which such 
complementary information will help improve the 
measurements planned for HMMR are described 
below. 

Soil Moisture 
It would be highly desirable to augment the 

HMMR soil moisture data with measurements from 
other instruments likely to  be part of the Earth Ob- 
serving System. Thermal infrared data, for example 
from MODIS or TIMS (Thermal Infrared Multispec- 
tral Scanner), would help estimate surface tempera- 
ture; and visible and near infrared reflectance data, 
for example from MODIS or HIRIS, would help es- 
timate shortwave albedo, vegetation type, and pos- 
sibly photosynthesis rate for vegetated areas. These 
parameters are necessary for energy and moisture 
balance models of the surface and upper soil. They 
will help improve estimates of soil moisture and also 
augment studies of evaporation and transpiration. 
Also, an active microwave instrument such as the 
Synthetic Aperture Radar (SAR) would help to deter- 
mine the biomass in vegetated areas and would help 
to  identify areas of saturated soil and standing water. 
The high resolution of the SAR might also make it 
possible to study the effects of topography, surface 
roughness, and changes in vegetation cover on remote 
sensing of soil moisture. 

Precipitation 
Among the measurements which would comple- 

ment the passive microwave measurement of precipi- 
tation are those which could be provided by a micro- 
wave radar (such as an altimeter). A microwave radar 
could provide the height of the rain column, a neces- 
sary parameter in present algorithms for reducing 
passive microwave measurements to  rain rate. Fur- 
thermore, a microwave radar specifically designed for 
meteorological applications (for example, operating 
at 18 and 35 GHz) is also capable of independently 
measuring rain rate. In fact, over land, where varia- 
tions in the emissivity of the surface make measure- 
ments of rainfall difficult with a passive microwave 
device, a microwave radar may eventually prove to  
be the optimum measuring system. Research to de- 
fine algorithms involving both dual frequency micro- 
wave radiometers and radars to estimate rainfall over 
land has identified several possibilities (Atlas et al., 
1984). 

A visiblehnfrared sensor (HIRIS) would also be 
a valuable complement to  a microwave device for 
measuring rain. Experience with the AVHRR (Ad- 
vanced Very High Resolution Radiometer) has shown 
that it is capable of measuring cloud top temperature 
and other cloud parameters relevant to rain rates. 
Such a sensor, with its fine scale horizontal resolu- 
tion (<1 km), would augment active microwave 
techniques. 

Finally, a polar orbit as proposed for the Earth 
Observing System presents a particular problem for 
estimating rain. Rain has a diurnal cycle which can- 
not be observed from polar orbit and which if not 
removed will bias estimates made by measuring 
always at the same location at the same time of day. 
An ancillary experiment such as the Tropical Rain 
Measuring Mission (TRMM) (Appendix A) to mea- 
sure the diurnal cycle is needed so that this bias can 
be removed. 

Snow 
The microwave radiation emitted from a 

snowpack depends on the physical temperature of the 
snow, the structure of the snow (grain size, density, 
stratification), the depth and water equivalent of the 
snow, the amount of liquid water present, and 
characteristics of the underlying surface such as soil 
moisture, roughness, and vegetation cover (Foster et 
al., 1984; Rango and Hartline, 1982). If these pa- 
rameters were all known, then in principle the micro- 
wave brightness temperature of the snow could be 
calculated and algorithms determined for extracting 
parameters of the snow of environmental significance 
from the output of microwave radiometers. Several 
sensors which are to  be part of the Earth Observing 
System can provide some of this information, and 
by making measurements concurrently with the 
HMMR, will improve the information to be obtained 
about snow. 

For example, measurements in the infrared 
(MODIS, TIMS) can provide surface temperature, 
and measurements in the visible (MODIS, HIRIS) 
can help identify vegetated regions which, in the 
microwave measurements, are confused with bare 
ground when the snow is melting. 

The high resolution available with SAR could help 
define surface roughness and help determine the ef- 
fects of rapidly changing topography (e.g., in moun- 
tains) on algorithms to  extract snow parameters. SAR 
might also help identify vegetation cover and mois- 
ture of the underlying surface. 

Finally, multispectral measurements in the visible 
spectrum (HIRIS, MODIS) are responsive to  grain 
size and may help quantify this parameter for algo- 
rithms for extracting the moisture equivalence of 
snow from the microwave data. 
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Physical Oceanography 
Heat exchange across the air-sea interface consists 

of the sum of several components: shortwave and 
longwave radiation, and sensible and latent heat 
fluxes. Over much of the ocean, shortwave radiation 
and latent heat flux are the dominant and variable 
terms. The former is now well-estimated from geosta- 
tionary imaging sensors such as the Visible Infrared 
Spin Scanned Radiometer (VISSR) on GOES. But 
latent heat flux presents a major problem, requiring 
knowledge of sea surface temperature, scalar wind 
speed or stress, and atmospheric humidity in the 
marine boundary layer. The AMSR instrument in 
HMMR could provide the first two parameters, while 
AMSU, or elements of such an atmospheric profil- 
ing microwave radiometer could provide the third 
necessary parameter. The accuracy requirements of 
temperature (0.5"), wind speed (0.5 m/s), and 
specific humidity (5 to 10 percent) would make the 
lidar measurements of the LASA an important con- 
tributor in this quest. AMSU will not have the ver- 
tical resolution required to  give moisture at the sw- 
face of the ocean; but LASA could be used to tell 
how thick the boundary layer is, and AMSU can be 
used to determine how much moisture is in the layer. 

The measurements of temperature profiles near 
the surface, under all weather conditions, will require 
the combining of data from the microwave radiome- 
ter and infrared (4.3 pm) radiometers on HIRIS. The 
combination results in better measurement accuracies 
and coverage than either sensor can provide alone. 

Runoff 
In situ measurements with river gauges and data 

collection platforms (for example, those collected us- 
ing the Automated Data Collection and Location 
System (ADCLS)) will be needed wherever possible 
to  estimate water runoff from land. Also, topo- 
graphic data obtained with high resolution sensors 
such as the SAR and LASA will be very helpful to 
study the structure of water basins. Data on vegeta- 
tion cover (SAR, HIRIS, MODIS) and soil proper- 
ties will also be needed, together with information 
about rainfall and evaporation. 

dual polarization at each frequency except 22 GHz, 
where only vertical polarization will be recorded. 
(This channel is primarily to monitor atmospheric 
water vapor to  correct for atmospheric attenuation.) 
The SSM/I will consist of an offset parabolic reflec- 
tor approximately 60 x 65 cm in size which will be 
rotated to effect a conical scan at 45 O incidence (see 
Figure 18). Data will be collected during 102 " of this 
rotation (the remainder will be used for calibration) 
resulting in a swath of about 1,400 km. The scan rate 
will be 1.9 seconds per revolution. Data will be col- 
lected at 64 positions (every 1.6 ") per scan line (1 28 
samples at 85.5 GHz) with an integration time per 
sample of 7.95 ms (3.89 ms at 85.5 GHz). The per- 
formance parameters for the SSM/I radiometers are 
summarized in Table 23 (Hollinger and Lo, 1983). 
Notice that because of the large antenna footprint 
there is substantial overlap between data points. 

In comparison to the SMMR, the scanning multi- 
frequency microwave radiometer flown on Seasat 
and on Nimbus-7, the SSM/I will have one less fre- 
quency (four) compared to the five frequencies (6.6, 
10.6, 18,21 and 37 GHz) on the SMMR. The SSM/l 
will have more frequent global coverage by about a 
factor of four than the SMMR (about once every 6 
days). The spatial resolution of corresponding chan- 
nels (e.g., 18, 21, and 37 GHz on SMMR versus 
19.35,22.2, and 37 GHz on SSM/I) are very similar, 
with SSM/I being only slightly worse. The resolu- 
tion at 85.5 GHz in SSM/I will be substantially 
better. 

DMSP 
SATELLITE 

85 GHz 

37 GHz 

1394 krn 
SWATH WIDTH 

19 AND 22 GHz 

OTHER MICROWAVE INSTRUMENTS 

SSMA 
The special sensor M ~ ~ ~ ~ ~ ~ ~ ~ / I ~ ~ ~ ~ ~  (SSM/I) 

is a scanning microwave radiometer system to be 
Figure 18. Scan geometry for SSM/I. The rotating antenna 
system on SSM/I sweeps the observed area on the surface 
in two alternating modes, one in which all four frequen- flown aboard 'pacecraft Of the Defense 

DMSP fly in sun-synchronous, near-polar 
orbits at an altitude of 833 km with a period of 101 
minutes. The SSMA will be a four-frequency (19.35, 
22.235, 37.0, and 85.5 GHz) radiometer system with 

ties are recorded and one in which only the 85 GHz data 

stant across swath. The use of a single antenna for all four 
frequencies results in a different surface resolution for each 
frequency, with the highest frequency, 85 GHz, having the 
finest resolution. 

logical Program (DMSP). Satellites Of the are recorded. The angle of emission at the surface is a con- 
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Table 23. SSM/I Performance Characteristics 

Parameter Radiometer Performance 

Center frequency (GHz) 19.35 k 0.05 22.235 k 0.05 37.0 -t 0.1 85.5 k 0.3 

Polarization V and H 

Radiometric accuracy (K) 1.5 1.5 1.5 1.5 

V V and H V and H 

Sensitivity (K) 0.8 0.8 0.6 1.1 

Dynamic range (K) 375 375 375 375 

Effective resolution (km) 
(3dB antenna beamwidth; 70 x 45 60 x 40 38 x 30 16 x 14 
includes integration time) 

Integration time (ms) 7.95 1.95 7.95 3.89 

In comparison to the AMSR proposed for 
HMMR, the SSM/I is similar in that it is conically 
scanned (a plus because then the angle of incidence 
is constant) and in that some of the frequencies (19, 
22,  37, and 85.5 GHz) are channels of the AMSR 
also. However, there are significant differences. An 
important difference is spatial resolution. The reflec- 
tor proposed for AMSR is 4 x 7 meters, compared 
to 0.60 x 0.65 meters for the SSM/I. The difference 
is nearly a factor of 10 in the size of the spot on the 
Earth. In addition, the AMSR spot is nearly circular 
on  the Earth (accomplished with the highly asym- 
metric reflector), whereas the SSM/I spot is elliptical 
with a high degree of eccentricity at the low frequen- 
cies. This difference in resolution is important for 
remote sensing purposes. The AMSR will have spatial 
resolution approaching the geophysical scale sizes of 
phenomena such as sea ice and precipitation cells. 
This will make new information available to the 
geophysical community not possible with any present 
or planned radiometer and of sufficient quality to 
make significant advances in understanding the fun- 
damental physical processes which drive the environ- 
ment. The resolution of the SSM/I at 19 and 37 GHz 
(frequencies used to monitor rain) is far in excess of 
the cell size of precipitation, making accurate 
estimates of rain questionable. On the other hand, 
the resolution cell of the AMSR is sufficiently small 
( 5  km or less) to  make sense of statistical techniques 
for estimating mean monthly rainfall (e.g., see Ap- 
pendix A). Similarly, in the case of sea ice, the resolu- 
tion cell for AMSR approaches the resolution need- 
ed to understand sea ice properties. With the AMSR, 
parameters such as ice concentration and ice type, 
the location of the ice boundary, and surface albedo 
can be measured with resolutions comparable to the 
scale of the geophysical processes affecting sea ice. 

Figures 19 and 20 illustrate the difference in reso- 
lution obtainable with the AMSR and SSMA and the 
effect of this difference on the information to be 
derived about sea ice. Figure 19 shows sea ice concen- 
tration across the Bering Sea obtained from a single 
swath of the Nimbus-7 SMMR using the SMMR radi- 
ance data at 37 GHz. The sampling rate of the 
SMMR at this frequency allows the data to be 
mapped into a grid of resolution cells 15 km on a 
side. This resolution is equivalent to that which will 
be obtained by the SSM/I at its highest frequency 
(85 GHz) and is better by a factor of two than the 
SSM/I will obtain at 37 GHz. It is clear from Figure 
19 that the data at this resolution locates the extent 
of the ice pack and variations of concentration within 
the pack; however, there are many smaller scale fea- 
tures which are not resolved. This is illustrated in Fig- 
ure 20, which shows ice concentration for a small 
portion of the same Bering Sea marginal ice zone (the 
heavy black line in Figure 19) obtained during the 
MIZEX-West experiment using a scanning micro- 
wave radiometer aboard the NASA CV-990 aircraft 
(Cavalieri et ai., 1986). The resolution of the aircraft 
instrument is approximately 300 m at nadir and is 
more than sufficient to  resolve mesoscale features 
such as polynyas, ice-edge bands, and streamers 
(lower left, Figure 20). The resolution which would 
be obtained with the SSM/I and AMSR (at 37 GHz) 
is shown for comparison in the lower right-hand cor- 
ner of Figure 20. The resolution obtainable with the 
AMSR is clearly sufficient to  resolve the mesoscale 
features apparent in this figure, allowing for the study 
with data from the AMSR of geophysical processes 
such as wave-ice interactions, crossfrontal transport, 
opening and closing of polynyas, and upwelling jets 
and eddies. The ability of the AMSR to resolve poly- 
nyas is of particular importance because much of the 
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Figure 19. Bering Sea ice concentration derived from the Nimbus-7 SMMR using radiance data at 37 GHz. One swath 
of SMMR data is shown. The resolution is 15 km x 15 km. The rectangular box is the area of the aircraft data shown 
in Figure 3. 

ice produced in seasonal sea ice zones, such as the LFMR 
Bering Sea and the oceans surrounding Antarctica, 
are produced in coastal polynyas. These polynyas are 
often persistent features which result from prevailing 
winds advecting ice downwind as rapidly as it forms 
and maintaining an area of open water and thin ice. 
Furthermore, these recurrent coastal polynyas are 
also important sources of high salinity shelf water 
which are believed to be primary sites of bottom 
water production in both polar regions. 

In summary, as a tool for remote sensing, the 
SSMA does not represent the step forward in spatial 
resolution provided by AMSR and needed to achieve 
understanding at the level of the fundamental 
geophysical processes controlling the environment. 
Rather, SSMA is a well conceived operational tool 
collecting data on a regular basis of the quality 
already shown to be useful with such research tools 
as the SMMR. Certainly, scientific use should be 
made of SSMA data; however, it is not the research 
tool of the future needed to advance measurements 
of precipitation, sea ice, and snow cover to the stage 
needed to grasp understanding of the fundamental 
physical processes controlling the environment. 
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The Low Frequency Microwave Radiometer 
(LFMR) is a microwave instrument under develop- 
ment for N-ROSS to map sea surface temperature. 
Specifications, set by requirements for Naval opera- 
tions, call for a desired resolution of 10 km and ac- 
curacy of k0.5 K with a resolution of 25 km and 
f 1 K being adequate. Present plans (Hollinger and 
Lo, 1984) call for deployment of a 6 meter wire mesh 
antenna dish which will scan at 45 O with respect to 
nadir (forming a beam angle of 53 O at the surface). 
The system will be dual polarized and operate at fre- 
quencies of 5.2 GHz and 10.4 GHz. The latter is to 
increase sensitivity to sea surface temperature over 
warm oceans. The concept of the deployable, wire 
mesh antenna (an umbrella) was selected to meet the 
requirements for high spatial resolution and is being 
studied to determine the effects of the wire mesh on 
temperature accuracy. 

The AMSR, as conceived for Eos, will employ a 
solid dish of almost the same size (4 x 7 meters). 
The AMSR will obtain nearly the same spatial resolu- 
tion and should be able to achieve higher temperature 
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Figure 20. Sea ice concentration far the Bering Sea obtained with an airborne microwave radiometer during the MIZEX- 
West experiment (1983). The image was obtained from data at 92 GHz and is color coded to show microwave brightness 
temperature. The resolution is about 300 meters. 

sensitivity. The AMSR is a complementary instru- 
ment which, by employing a solid reflector, should 
be more easily calibrated and thereby provide data 
of the high temperature sensitivity needed for some 
scientific applications. 

SSM/T 
The Special Sensor Microwave/Temperature 

(SSM/T) is a DMSP instrument. It is an atmospheric 
temperature profiler. Two versions of the SSM/T 
have flown and other copies are being produced. It 
is a small, lightweight, low power, passive sensor with 
7 channels (50.5, 53.2, 54.35, 54.9,58.4, 58.825, and 
59.4 GHz) in the oxygen spin-rotation band. SSM/T 
has a 14.4" beam width, weighs 1 1  kg, and consumes 
14 W of power. It has a 200 km footprint at nadir 
and provides temperatures at 15 levels to 10 mb 
(about 30 km). The scan is crosstrack through nadir 
to +36". 

Plans are being made for a second version of the 
SSM/T to  profile water vapor. This instrument will 
employ measurements at the 183 GHz water reso- 
nance line (3 channels) plus ancillary channels at 19.5 
and 150 GHz. It will have a resolution of about 50 
km on the surface and have a radiometric sensitivity 
of 0.5 K and a sensor accuracy of 1 K. Physically 
this instrument is to be very similar to the tempera- 
ture profiler and is expected to use the same space 
on the spacecraft and same antenna as the tempera- 
ture profiler. 

The SSM/T represents an advance in several 
respects over the MSU flown on  TIROS-N. The 
AMSU-A being developed for NOAA represent fur- 
ther advances in temperature profiling: the AMSU- 
A will include more channels to profile to higher 
altitudes, will use improved detector technology, and 
will have a smaller footprint on the surface. 
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RAIN MEASURING MISSION 

Knowledge of the diurnal cycle of precipitation 
is deficient over much of the globe, particularly over 
tropical oceans. Knowledge of this diurnal cycle is 
important if HMMR is to obtain useful measure- 
ments of precipitation. It is needed to correct for the 
observational bias inherent in the sun-synchronous 
polar orbit planned for Eos. Among the systems 
which could obtain this information is the Tropical 
Rainfall Measuring Mission (TRMM) currently being 
proposed. TRMM is discussed briefly below (and in 
more detail in Appendix A) to illustrate how the in- 
formation needed about the diurnal cycle of rainfall 
might be obtained. 

TRMM has been envisaged as an Explorer-type 
mission, in a 300 km orbit at 30" inclination to  the 
equator. By choosing a 30" inclination orbit, the 
sampling rate in the tropics is twice that obtained by 
polar orbiters and the diurnal cycle is approximately 
uniformly sampled for each locale in less than 1 
month. The TRMM sensors include a dual frequency 
(16 and 35 GHz) precipitation radar with resolution 
of 3 km, a microwave radiometer (an existing unused 

ESMR from Nimbus-5 at 18 GHz could be used) with 
a resolution of 7 km, and a multichannel vis ibleh-  
frared sensor (such as a standard AVHRR) with 
resolution of better than 0.5 km. All three in- 
struments scan across-track and make a very dense 
sample of measurements. Several hundred thousand 
readings are taken in a given area over the month, 
reducing sampling and other random errors. (Addi- 
tional details are included in Appendix B.) 

This non-sun-synchronous satellite would return 
about one sample for each ground location for each 
hour of the day in 1 month. The resulting data set 
should yield vital information on the diurnal cycles 
of rainfall over the ocean, while also providing rain- 
fall values over land (from the two-frequency radar). 

By modifying the orbit (say to 45 ") to cover mid- 
dle latitudes also, important information would be 
expected from both sea and land areas in middle 
latitudes, helping to indicate such matters as the diur- 
nal distribution of precipitation (both rain and snow) 
over mountainous regions, without degrading the fre- 
quency of coverage of the tropics by more than about 
20 percent. 
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VII. DATA MANAGEMENT 

INTRODUCTION 

By satellite instrument standards, the data rates 
expected from the HMMR are not excessive. The 
Panel estimates data rates as follows: 

Component Instrument Data Rate 

ESTAR 5 kbit/sec 

AMSR 50 kbit/sec 

AMSU 5 kbitlsec 

In the concept of the Earth Observing System, the 
satellite data is the input to  an information system 
designed to meet the multidisciplinary requirements 
and interactions necessary for understanding the 
functioning of the Earth. This information system 
must effectively store and manage the data generated 
by the proposed remote sensing instruments and en- 
sure that these data can be extensively exploited in 
combination with other observables. 

Keeping this information goal in mind, the Panel 
defined several levels of data for the HMMR in- 
struments which reflect an appropriate way in which 
the data could be processed. 

Level 0-Raw data archived permanently 

Level 1A-Raw data annotated to include system 
parameters needed to  reduce the data to mean- 
ingful measurements. The annotation should in- 
clude: time, system temperature, calibration coef- 
ficients, orbit parameters, and location of each 
pixel (latitude and longitude). 

Level 1 B-Radiometric brightness temperatures 
(i.e., measured values after all instrument calibra- 
tions and/or corrections have been made) an- 
notated to include time, orbit parameters, and 
location and size of each pixel. 

Level 2-Geophysical parameters (e.g., sea sur- 
face temperature or soil moisture) at each pixel, 
annotated with time, orbit parameters, and loca- 
tion as in Level 1B. 

Level 3-Geophysical parameters referenced to a 
fixed Earth grid. This would include maps of 
geophysical parameters with some smoothing to 
provide uniform space-time sampling. 

The Panel felt that Level 0 and Level 1 should 
both be archived permanently. Level 1 data is the 
most fundamental, which is practical for use by scien- 

tists and instrument specialists; however, it is not 
reversible to Level 0 data. Therefore, it was felt both 
Level 0 and Level 1 data should be stored to  ensure 
that proper corrections could be made in the future 
if necessary. Level 2 data is obtained by applying 
algorithms to the data. Algorithms currently exist for 
the major parameters which HMMR is expected to  
produce. But, clearly one would expect that these will 
be revised and refined as new information is 
gathered. The algorithms should be archived and 
made available t o  interested researchers. 

ALGORITHM DEVELOPMENT AND 
VALIDATION 

The major geophysical parameters to be obtained 
directly from the passive microwave measurements 
are soil moisture, sea surface temperature, sea ice 
concentration, precipitation, total water vapor, and 
water vapor and temperature profiles in the atmo- 
sphere. Algorithms currently exist to  extract these 
parameters from the microwave radiance measure- 
ments. Algorithms also exist for several ancillary 
parameters such as sea ice type, snow cover, and 
evaporation over the oceans. In several cases (e.g., 
sea ice concentration and ice type), geophysical 
parameters are presently being obtained from micro- 
wave sensors in orbit. Additional algorithm evolu- 
tion is to be expected, especially should sensors such 
as the LFMR and SSM/I and sensor systems such 
as the TRMM be launched. 

Thus, it is to be expected that a repertoire of tested 
algorithms will accompany launch of HMMR. How- 
ever, the new high resolution data is certain to  
stimulate improvement of existing algorithms and 
development of new algorithms. It is expected that 
appropriate science teams will be established to select 
initial algorithms for the major observables and pro- 
vide a vehicle for revising the algorithms as experience 
is gained with the data. 

Even for the most established algorithms, con- 
tinued research is needed to further refine the pro- 
cedure of extracting geophysical parameters from the 
hierarchy of competing factors. Research is needed 
in areas such as snow wetness, effects of vegetation 
on radiation from wet soil, methods for estimating 
heat and moisture fluxes from the oceans, and 
evaporation and transpiration from land surfaces. 
The Panel supports continued research in such areas 
preceding and during development of HMMR. Re- 
search will help improve existing algorithms and help 
identify additional information which can be ob- 
tained from passive microwave measurements. 
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APPENDIX A: TROPICAL RAINFALL MEASURING MISSION (TRMM) 
BY 

G. R. North, T. T. Wilheit, and 0. W. Thiele 

This proposal is for a free flying satellite to be 
launched in the Explorer Program Series for the pur- 
pose of measuring rainfall in the tropics. The aim 
is to  collect data which will be useful in the under- 
standing of weather, climate and hydrological dy- 
namic processes. The orbit and sensors have been 
especially selected to overcome the unique challenges 
inherent in measuring rainfall. The main data set goal 
is a 3-year minimum time series of 30-day averages 
of rainfall rate probabilities taken over rectangles 
whose area is equivalent to 600 km sided squares with 
sampling errors of the order of a few percent. 

By choosing a 30 degree inclination orbit, the 
sampling rate in the tropics is doubled over polar or- 
biters. In addition, the diurnal cycle is approximately 
uniformly sampled over a month, also impossible 
from sun-synchronous platforms. The 300 km alti- 
tude allows a factor of 1100/300 improvement in 
resolution for the equivalent instruments over the 
Nimbus series whose altitudes were 1100 km. The 
launch and platform are compatible with space shut- 
tle. TRMM may also be revisited by space shuttle or 
space station associated vehicles. The sensors include 
a dual-frequency precipitation radar with resolution 
3 km, a passive microwave radiometer with resolu- 
tion 7 km and a multichannel visible/infrared radio- 
meter with resolution better than 0.5 km. All three 
instruments scan across nadir making a very dense 
sample of measurements along the track. Several 
hundred thousand readings are taken in a given mea- 
surement area over the month, reducing sampling 
and other random errors. Strategies are being de- 
veloped to use all three instruments as well as other 
satellite data to  reduce well known biases in the in- 
dividual measurements. 

The timing of the mission, if not delayed, will co- 
incide with the international project Tropical Ocean 
Global Atmosphere (TOGA) which runs through 
1995. International cooperation via TOGA can 
benefit mutually because of the possibility of large 
scale ground truth experiments. 

SCIENTIFIC OBJECTIVE 

To increase our understanding of the energetic 
and hydrologic processes in the tropics, especially as 
they pertain to the general circulation of the atmo- 
sphere and oceans. A major advance in our under- 
standing of the general circulation can be achieved 
by collecting accurate data for rainfall throughout 
the tropical latitudes, since rainfall rate is the 
signature of latent heat conversion to buoyant force 
in the Hadley circulation. In the ocean, rainfall is a 
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source of fresh water which influences the density of 
water and, therefore, the buoyancy. Over land rain- 
fall is the source o f  soil moisture which has a strong 
influence upon the atmospheric circulation. The main 
purposes of such a data set are climate diagnostics, 
model validation, and model impact studies. Secon- 
dary purposes for the data include the study of 
tropical rain systems and the collection of a clima- 
tology for objective assessment of drought and other 
climate anomalies. 

MISSION OBJECTIVES 

To obtain a minimum three-year data set of mon- 
thly averaged estimated rainfall rate probabilities 
averaged over grid boxes of the order of 600 km on 
a side with sampling errors of a few percent. 

To develop new techniques for measuring rain- 
fall by combining the measurements from several in- 
struments to reduce statistical biases and to learn how 
to combine measurements from other coincident 
satellite and ground instruments to insure against the 
undetected occurrence of major storms between visits 
by the satellite track. 

To develop data sets for studies of diabatic ini- 
tialization of weather forecast models. These impact 
studies require different data reduction algorithms 
for selected time segments during the mission. 

To develop a comprehensive ground truth pro- 
gram, both before and after launch, through in- 
ternational collaboration by way of the TOGA 
program. 

To develop techniques for studying and remov- 
ing the diurnal cycle from temporally- and spatially- 
smoothed rainfall data by using a non-sun-synchro- 
nous orbit. 

JUSTIFICATION 

Anomalous energy sources in the tropics can ex- 
cite disturbances in the atmospheric general circula- 
tion that are felt throughout the tropics and even in 
the mid-latitude through teleconnections. The dy- 
namic connection between the tropics and mid- 
latitudes was vividly demonstrated during the last El 
Niiio event in the Tropical Pacific. Numerous docu- 
ments commissioned by the World Climate Pro- 
gramme and the National Academy of Sciences 
recommend better rainfall data in the tropics. 

A quantitative rainfall data set provides a crucial 
validation tool for the general circulation models of 
the 1990s. There is evidence that these models will 



be useful operational tools in the near future, and 
that data sets of this type will be essential to their 
steady improvement. 

Rainfall rates are notoriously difficult to measure 
even under ideal conditions using surface instrumen- 
tation. The problem is compounded in the tropics 
since most of the region is oceanic and the rainfall 
type is mostly convective, consisting of many intense 
small scale features. The station density and reliabili- 
ty are so poor in most tropical countries that, for ex- 
ample, it is not possible to establish objectively 
whether there was a drought in Ethiopia in 1984. 

Sampling from ships of opportunity is inadequate 
for collecting data for transient response studies with 
models, since literally hundreds of crossings per 
month of a grid box would be necessary to achieve 
the adequate level of sampling density. This limita- 
tion is aside from the enormous expense and logistics 
of equipping and maintaining the hardware. 

The diurnal cycle confounds attempts to measure 
rainfall from sun-synchronous platforms, and it in- 
troduces large biases in data taken from small islands. 
Geosynchronous platforms have shown some modest 
skill in estimating rainfall rates from infrared im- 
agery. Lack of continuity of these satellites and the 
inherent limitation of using only the properties of 
cloud tops as rainfall predictors as well as to  re- 
calibrate the regression equations for every climatic 
type suggest that new methods should be sought. 

The mission has the potential to prompt a new 
international thrust toward understanding the tropi- 
cal hydrological cycle, not just by the satellite mea- 
surements, but by field experiments and advances in 
modeling rainfall systems and the oceans. The mis- 
sion is timely because of its overlap with other 
planned programs and the readiness of the research 
community to benefit from the data set anticipated. 

APPROACH 

TRMM proposes to solve the sampling problem 
by using scanning sensors. For example, the passive 
microwave radiometer (we suggest an Electronically 
Scanned Microwave Radiometer (ESMR) which is 
available now) can measure light to moderate rain- 
fall over ocean. ESMR has a swath width along the 
satellite track of 600 km with about 80 pixels of size 
roughly 7 km each. The cross track sweep time is such 
that contiguous rows of pixels can be achieved along 
the track. Using these values and the orbit we find 
that 180,OOO readings can be taken in 30 days with 
ESMR for any given grid box. If the individual pix- 
el readings are all statistically independent, rainfall 
rate probabilities in the grid box month can be esti- 

mated to within a few percent, even for categories 
as rare as 1 percent probable. Relaxation of the as- 
sumptions still leads to acceptable results. 

The radar has the capability of estimating the rain 
column height (200 km) over land and sea at a hori- 
zontal resolution of 3 km. The resulting column 
height climatology is needed in the interpretation of 
ESMR results and may be a good estimator of rain 
rate itself. In addition, the radar is capable of 
estimating rain rate by backscattered power at two 
frequencies (16 and 35 GHz). Another analysis mode 
to be explored is the extinction of power as the beam 
goes through the rain and is reflected back from the 
surface. The radar is planned to have a swath width 
of 150 km; hence, the sampling density is less than 
ESMR by a factor of four, but the number of physi- 
cally independent measurements of rain drops is 
significantly augmented. The number of physically 
independent measurements is very important since 
the methodology of data interpretation is likely to 
involve the estimation of several parameters in a 
multiparameter rain rate probability distribution 
function. 

A visible/infrared radiometer is necessary as a 
cross check and as yet another independent measure 
of rain. The experience with AVHRR (Advanced 
Very High Resolution Radiometer) shows that it is 
capable of measuring cloud top temperature and 
other cloud parameters relevant t o  rain rates. This 
sensor with its <1 km horizontal resolution will aug- 
ment active microwave techniques. This instru- 
ment provides a transfer standard from previous 
technology. 

The diurnal variation problem is to be solved by 
assuming uniform statistics through the month over 
the grid box and by estimating and removing the har- 
monics by a regression technique. Considering the 
number of visits per month, this should be a very 
reliable procedure. 

The classic beam filling problem (pixel size com- 
parable to or larger than that of the horizontal scales 
of rain) will be approached by several methods. First, 
the microwave pixel sizes contemplated for this mis- 
sion are smaller by at least a factor of 11/3 than any 
previously flown satellite microwave sensor. Indeed, 
the horizontal distance of 7 km may be less than the 
auto-correlation length of tropical rain. If brute force 
decrease of pixel size is not enough to solve beam fill- 
ing, several other strategies are possible using the 
complementarity of the instrument readings in a 
parameter estimation algorithm. 

Figure A.l shows how a TRMM satellite might 
be configured for this experiment, making use of the 
same shuttle compatible bus as was used on the Earth 
Radiation Budget Satellite (ERBS), which was laun- 
ched in 1984. 
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APPENDIX B: RAINFALL SAMPLING 

In microwave radiometric measurements of pre- 
cipitation, rain rate is the parameter being estimated, 
yet integrated rainfall for some period of time is 
generally the desired quantity. For radiometers in 
space, one can only estimate the integral statistically 
from the observations during the short time when the 
satellite is overhead. Whether or not this will yield 
a meaningful estimate depends on the number and 
distribution of the samples. The highly variable na- 
ture of rainfall (variable in both space and time), 
causes a great deal of difficulty in choosing the sam- 
ples for any rain measurement scheme. Moreover, 
there is a large diurnal cycle in rainfall in some cir- 
cumstances and an unknown, but possibly important, 
diurnal cycle in most other cases. This causes a large 
potential for error in any sun-synchronous measure- 
ment approach. However, if we ignore, for the mo- 
ment, the diurnal component of variability, we can 
arrive at some estimates of the statistical component 
of error in the rainfall estimates made from measure- 
ments with sun-synchronous systems such as SSM/I 
or HMMR. The swath width of either instrument will 
be about 1,400 km and either satellite will have a 
ground speed of about 7 km per second. This will 
provide an imaged area of 3 x 10" km2 per month. 
The correlation length of rain varies geographically 

and according to  rain type, but 10 km is a typical 
value. The correlation length provides an estimate of 
the spacing needed for sample independence. Thus, 
the imaged area can be considered as 3 x 10' 
samples per month. The probability of any cell con- 
taining precipitation is similarly variable, but 1 per- 
cent is typical, leaving about 3 x lo6 rain samples 
per month globally. On a monthly basis, a square 
2,000 km on a side would include the 100 independent 
samples required to obtain an estimate of integrated 
rainfall with less than 10 percent measurement error. 
Clearly, this sort of sampling is only adequate for 
problems on climatological space and time scales; it 
is grossly inadequate for flood forecasting and other 
problems of short space and time scales. The diurnal 
cycle has been ignored but any satellite-based system 
which is sun-synchronous will always measure at the 
same (two) local times at any given location, making 
any determination of a diurnal cycle impossible. On 
the other hand, if the strength and phase of any diur- 
nal cycles are known on a statistical basis by any 
other means, the sun-synchronous data may be cor- 
rected. A separate experiment on a non-sun-synchro- 
nous satellite represents an obvious way of obtaining 
these data. 
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